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Executive Summary
Investigation Of Corrosion-Influencing Factors In Underground Storage Tanks
With Diesel Service

ThisresearcHocused orbetterunderstanding a type of rapid and severe corrosion of
metal components in underground storage tanks (USTs) storing diglsdUfsiT owners first
began reporting this corrosion to UST industry servicing compani2307. Several changes to
the national fuel supply and fuel storage practices have occurred since t8@d0slTo
address the potential for corrosion problethse U. S. Environment al Prote
Office of Underground Storageanks began working on thissearchn 2014to understand how
serious andavidespread the metal corrosion problem could Ineaddition, to help identify the
cause or solutionsye wanted tadentify predictive factors between UST systems with corrosion
issues and UST systems relatively free of the problem EPAG6s objective for t
developa better understanding of potential risks to human haatithe environmet caused by
the evolving corrosion problem USTs storing diesel fuel

In 2014, EPAheld discussions with UST industry experts amiked collaboratively to
developfield-basedesearch that woulfdirther theunderstanding aforrosion inside USTs
staring diesel. EPA designed ouresearch to examine many factors on a diverse population of
42 UST systems in order to find potenpagdictive factoramong them We thought any
predictive factors identified iour researclwould help focus the search pdtential causes for
thenextphase of followon research.

In January and February 20ERA conducted osite inspections of 42 diverse,
operating UST systems at 40 sites across the coudfrthese UST system24 had fiberglass
tanks, and 18 hadest#l tanks.Field teams documented the conditions of the UST systems with
in-tank video cameras and phosusthey couldaterassign a category of corrosion coveréme
each systemThe fieldteams also collected samples of vapor, fuel, and aqueous(plsase
known as water bottomif presentfrom each of the tanksField teams used a detailed
guestionnaire to gather information from eagimeraboutthe storage historypperationand
maintenance practice$ each UST system

EPA chemically analyzkthe vapor, fuel, and aqueous phase samflbsee assessors
reviewedthe videos of each USahdcategorizd the USTs by the extent of the corrosjadged
to be presentminimal, moderate, or severén an attempta identify corrosion predicting
factors among UST systems experiencing either minimal corrosion or severe comastban
statistically evaluatedhe analytical results andsponsefrom the questionnaires against the
corrosion categories.

Themajor finding from our researgh that moderate or sevedrrosion on metal
components in UST systems storing diesel fuel in the United Stk bea very common
occurrence Observations suggest that corrosion may be commonly severe on metal surfaces in
the upper vapor space of UST t®yas, an area that before 2007 was not known to be prone to
corrosion. Furthermoreit appearsnany owners may not be aware of the corrosimnare they
aware thatorrosion, which could affethe operability of their UST systemsuldalready be at



anadvanced stage/Ne observe®3 percent of the inspected tartk@dmoderate or severe metal
corrosion Prior to our research inspections, less than 25 pestentners reported knowledge
of corrosion in theitJST systers.

It appears fronour researcthat corrosion inside of UST systems could result in an
increased chance ofleases of fuel to the environmemid subsequent groundwater
contamination. Across the sample populatlBRA observed corrosion occurring on all types of
UST systenmetal compaents, including submersible turbine pump shafts, automatic tank
gaugeprobeshatfts, risers, overfill equipment like flapper valves and ball valves, bungs around
tank penetrationsnnerwalls of tanks and fuel suction tubes. Many of these UST system
components are designed to prevent overfilling the tank or to identify,laalighe components
must be abléo moveandfunction as designed. Corrosion of some metal components could
hinder their proper operation apdssiblyallow arelease of fuel to ocr or continue unnoticed.
Anecdotal reports since EPA began our research suggesthbatreetal components in UST
systems, such as tank walls, coalsoeventually failby corroding completely through the metal
if corrosion is not stopped. This wouttbst likely occur in the bottom of an UST where
agueous phase and tank sludge collect. Corrosion through the bottom or wall of a tank could
potentiallyallow fuel to leak into secondary containment areas or release to the environment.

EPA has heard andotes of functionality failures of release prevention equipment and
leak detectors, as well as failures of metal walls resulting in leaks into secondary containment
areas.Outside of anecdes, howevelvery little verifiable dataexistsabout how equipent
functionality and integrity are being affected by corrosion in USTs storing dieseHuoelever,
that information should become more available as owners become more aware of the findings of
ourresearctand corrosion in USTs storing diesel becomes more visible.

Even abseta release of fuel to the environment, severe corrosion poses concerns for
owners. Corrosion increases servicing and equipment maintenance costs for UST system
owners Anecdogssuggests that dispenser filters may become cloggeccaitbsion debris
that resemblesoffee ground, resulting in filtersneedng to bechanged more frequently. Other
equipment may need to bepaired more ofteand sometimesiay need to bprematurey
replaced.

The data and analyses could not pinpoicaase of corrosion that UST owners began
reporting in 2007. It appears multiple underlying factors and corrosion mechaoisitde
contributing to the corrosiomne such mechanismisicrobiologically-influenced corrosion
(MIC). Previous research on the recent corrosion phenomenon is limiteiggatstshat the
reduced sulfur in diesel could be allowing microbial life to proliferate in-dtrasulfur diesel
tanks andthrough MIC,cause cowsive conditionshat were less possible in USTs storing low
sulfur diesel. Several independent organizations have produbkdyavailable resources that
suggesfollowing certainenhanced maintenance practieggen storing diesel fuel iIDSTs If
followed, these practices can liketginimize MIC risksby reducingbacterial populationsr
preventing an environment where microbial life can thrive.

E P Aresearch buildson n d u s t stydgaboutfapid asd severe corrosiomUSTs
storing dieselwhich the Clean Diesel Fuel Alliance (CDFA) completed in 2bThe objective



of CDFAOG study was to produce an initial hypothesis about the mechanism of corrosion from
data collected on six UST systenisPA6s Of fi ce of Research and
completed research shortly after CDFARoth the CDFA and ORDPesearchypothesizedhat
biofuel components diesel, such as ethanol and biodieselild be providing the energy

source for microbial populations bécteria likeAcetobactern USTs. This genus of bacteria

was the most abundant in samples that underwent DNA sequencing indCididy EP A6 s
research plan to identify any predictive factoysdefault included checking the plausibility of

the hypothesegreviouslysuggested However ther are numerousthertypes of bacterighat
couldalsobe consuming chemical components of the fuel or fuel contaminants found in USTs.
In addition to bacteria, theere also a number of otheicroorganisms thatould caseor
contribue to the corrosia attacks, including funggrchaeaand eukaryotic organisms. A
combination obne or moref these factors could also be responsiblgwe did nottestfor

those factor#n ourresearch.

Because only limitedcientificresearch was availahlEPAassumed from the beginning
of ourresearch thawithin our research scopéwas not feasible to definitively pinpoint a cause
of the corrosion Further, most familiarity with the extent and geographic spread of the problem
was anecdotalTherefore, amxploratory approach was most helpful in expanding the
knowledge around the issu@ur research suggestsat MIC s likely involved in tie moderate
or severe internalorrosion in USTs storing diesel. However, further identification of specific
bacteriawas not possible within the scopeair research. Therefore, whifgevious research
hypotheses about the role of spec#jiecies of a genus oxidizitbgpfuel components/ere not
disproven by the results of our reseanalidation would bespeculative.

E P A@searclpopulation of 42 USTs wageographically, materially, and operationally
diverseand was the largest fietésearclof this issue to date. However, the population is a
small percentage of diesel US@cross the United Statesd the types of USTs and
maintenance practices by owners in thgearctpopulationmay differfrom those in the national
population of USTs storing diesel. Therefore, EPA cannot predict if the presenoce@fate or
severecorrosionin diesel USTs aoss the United Statell be higher or lower than identified
in ourresearch

EPA recommends owners cheobleir diesel UST systems for corrosiand take steps to
ensure th@roper operabilityf their UST system EPA is recommending this becal&se
percentof USTs in the study affected by moderate or severe corrssiary high, most of the
owners were not aware ofetextent of the corrosion in their USTamdit appears that corrosion
could potentially affect equipment functionality and potdiyti@ad to a release of fuel to the
environment

Our research provided us with key takeaways that, by increasing the knowledge around
corrosion, may help prevent releases of diesel fuel from UST systems. Below we list our key
takeaways; see Chapterd tdditional discussion about them.

0 Corrosionof metalcomponentsn UST systemsstoring dieselappeardo be common.
U Manyownersare likely not awareof corrosionin their diesel USTsystems.
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Thecorrosionis geographicallywidespreadaffects USTsystemswith steeltanksand
with fiberglasganks,and posesa risk to mostinternalmetalcomponents

Ethanol was present in 90 percent of 42 samples, suggesting that@antasination of
diesel fuel with ethanol is likely the norm, not the exception.

Thequality of dieselfuel storedin USTswasmixed.

Particulates and water content in the fuet&closest to bingstatistically ggnificant
predictivefactorsfor metal orrosion but causatiorcannd be dscerned

MIC could be involvedas hypothesizedy previous research.

EPA recommend owners isuallyinspect USTstoring dieselas gartof routine
monitoring



Chapter 1
Introduction And Background

The US. Environmental Protection Agency (EPA) Office of Underground Storage Tanks
is responsible for ensuring that orderto prevent releases and avoid contaminating vital
underground water suppligsiels and hazardous substances are safely stotediergraind
storage tank systemd$T9. Thisreportdescribes the process and resultk &f A i@search to
understand the extergeverity, and potential impaaif severe and rapid corrosiogcurringin
USTs storing ultrdow sulfur diesel (ULSD)hereafter rierred to as diesethat has been
reported across the country since soon after the fuel was introduced inQ@Q@&search also
attemptedo identify predictive variables that coutdrrow the search of possible causkand
solutions for theorrosian of metal components in USlstems storing diesel fuel.

EPA s working proactivéy with industry to help solve the problem becassme
anecdotes about thsevereor rapidcorrosionreported compromised functionaliyd failureof
some metal components of UST systeifi€orrosion prevents UST system equipment from
functioning properly, then UST systems may be at higher risk of operational faildrieh
could result in the release of fueto the environmentEPA heard aneaatesaboutnew
submersible turbine pumpisatwerereplaced due to corrosion in as few as six months after
being installed.Reports of UST system componentsrodingwith this combination of speed,
severity, and location within theapor spaces d#STs were notreportedprior to 2007

EPAworked with industryexpertsto designour field researchwhich builtonthe Clean
Di esel F u €GDFA) 201 2researciiedings. EPA contracted with Battelle texecute
the work We designed ouesearchio beexploratory in nature, examining data frdi
operational USTs storing diesel. The goals of the research were twtfaldderstand the
extent, severity, and potential risks of the corroseml to identify any predictive factors
between UST sysms with severe corrosion issues and UST systems relatively free of the
problem We wanted to identify predictive factors so tleeyld help narrow the scope of
investigation for future research effortSPA appreciates the efforts ofir contractorjndustry
partners andtakeholdersas well avolunteertUST ownerswho heldmakeour research
possible.

NewAnd Historical TrendsIn Corrosionin USTs Storing Diesel

The firstknownreport of severe corrosion amernalmetal components in the vapor
space of an UST system storing diesel was pos
websitein 20073 This location ofcorrosion in USTs storing diesel fuels Isisce been
commonlyreportedwith anecdotesftendescriling the corrosioras severe and sometimes
occuring rapidly on new equipment

Prior to 2007, corrosion risks identified in tanks storing diesel fuetegenerally
thought to be limited to the bottomstahksandwerenot observed in upper portions of tanks
Therisk of corrosion in the bottomsas usually considered to be easily addressed with good
UST system maintenance practices. Theasion observed since 200wevermay affect
owners who havéllowedthe same maintenance practié@syears angbreviouslyhad no
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corrosion issuesReports ofthe corrosion of metal components in the upper portions of USTs
indicatethe functionality of metal components of UST systeans becompromised EPA and
thefueling industry do not yet understatiak exactcause of the corrosion nor its full effects on
equipment.

Uncheckedcorrosion in UST systems could result in a potentially higher risk of an
environmental release and subsequent groundwatgamingion by fuel. A release could
potentially occur either from malfunctioning overfill prevention, fuel level monitoring, or leak
detection equipment that cannot operate properly due to restricted movement or from a direct
failure of integrity of metal components.

Theshaft of thesubmersible turbine pun(®TP)is the component most oftetserved
asbeing severelgorraded,but corrosioranecdotesftendiscuss corrosion oother metal
components in UST systeras well Reportsrange from severe corrosion in only a femvall
areas or on certain equipmeatuniform coverage of metal components in the vapor space
Sometimescorrosion iseported oobservedn metal surfaces in wetted portions of the UST
systemin areas normally submerged in fudlhe corrosion has aldmeensometimeslescribed
as layers of tubercles that ctla¢ metal surfaces of equipment.

Even in the absence of a releabe, inetal corrosion observed in UST systeanrs be
harmful to industry becaus®rrosioncreates increased expenses for $83tem owners
through more frequent servicing and filter changsswell adikely shorter lifespangor
equipment.

Early Efforts To UnderstandThe Issue 2010 Industry Survey

In 2010, PEI gathedmore informatioraroundthe corrosion anecdotes by conducting a
five-question survefor owners, operators, field technicians, and equipment manufacturers
P E Isoreeyresulted in a list oUST systemequipment that waportedlyaffected by
operational problemscceleratedorrosion rust, gasket or seal pi@ms, or premature failure
since 2007 Results fronPEIB survey suggestithatall metals in contact with the fuet
exposed to vapors inside the U&3Juld potentially be negatively impactedable 1 lists the
UST equipmenbr componentsnost frequently reported in additional comments submitted to the
survey as problematic, and how they were affecteédure 1 shows simplified diagram of a
typical diesel UST systeand identifieghe equipment.

Proper functiondty of all UST equipment is crucial to ensurifigel can be stored safely
in the UST systerandprevening releases of fuel to the environment or quickly détect
releaseshouldtheyoccur Components most commonly affected by the corrosiomardethe
UST system, soperatorsnay not easily or readily noti¢ke problem

Changes In Fuel And The Fueling Industry
As industry became more aware of the corrgsimomentunto search for the cause and

a solution grew.Theonset of corrosion reporiis USTs storing diesel began around the time of
several notable changes to fuel supplies in the United $tatiedfect diesel fuel storageA



direct change to diesel fuel was introohgecleaner burning diesel to help reduce atmospheric
pollution from diesel powered engines. Prior to 2006, diesel fuel was characterized as low sulfur
diesel (LSD) and requirements limitégel toa maximum of 500 parts per million (ppm) sulfur.
Beginningin 2006 and phasing in over the next several ygalB3 A 6 s s tequineddeeseld s

fuel contain no more than 15 ppm sulfthis wasreferred to asiltra-low sulfur diesel JLSD).

Lowering the sulfur in diesel necessitated additional modifications tmé&havhich sometimes
included adding to diesel formulations lubricity additives, cold flow improvers, corrosion
inhibitors, and conductivity additives.

Table 1. UST Equipment Reported Most Frequently Experiencing
Operational Problemsin Additional CommentsOf 2010 Survey

Affected Equipment Operational Malfunction
Dispensefuel filters Clogging and requiringnore frequent replacement
SealsgasketsO-ring Deterioration
STP ancdpump components Replacement/column pipe wear/motor problems
Tanks Rusting and leakin¢includes tanks on vehicles)
Meters Premature failure
Line leakdetectors Damaged or broken
Automatic nozzle shutoff Failure/shorter lifespan
Tank probes Malfunctioning
Check valves Not seating
Shear valves Not sealing/failing tests
Hose svivels Failing prematurely
Dispenser Leaks/failure/premature replacement
Solenoid valves Clogged/failing
Riser pipe Corrosion
Pipes Failure
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Figure 1. Simplified Diagram Of DieselUST System Equipment

Aroundthe same timefram&ongress, whickenacedthe Renewable Fuel Standard
(RFS) established by the Energy Policy Act of 2005 and amended by the Energy Independence
and Security Act of 20Q®irected EPA toequirethe volume of ethanol and biodiesel available
for blending into petroleurbased fuelsat increase significantlyEthanol is blended into
gasoline, and biodiese nowregularly blended into diesel fyglartlybecause biodiesaldds
lubricity lost from the reduction of sulfu'Somemicroorganismsnay preferentially degrade
biofuel componats in petroleunbiofuel mixtures.

A third change intte mid2000swasa trendof more retailers storingnd sellingdiesel
Retailers transitioneahks that formerlgtoredmid-grade gasoling dieselwhen blender
pumps reduced the need for storing all three grades of gasbliesel fuel infrastructure and
blending and distribution practices vary across companies\a@rtime as market conditions
and fuels change. It is possible thaycombinatian of these factoraffecting the diesel fuel
supplycould be involved inhefirst-identified-in-2007 corrosionin USTs

Initial Research Efforts

Because of the relative newness a$ 8ituation little is known about the cause of the
manifestation of &por space corrosion in USTs stortligsel Although extensive literature on
corrosionin industrial applications iavailable EPA thinksresearctspecific to vapor space
corrosion in USTs storing diesel is limitedwo pieces of researdt particularinterestarea
2012hypothesesnvestigation by th€lean Diesel Fuel Alliance (CDFAINnd anEPA Office of
Research and Developméd@RD) posterabout researcimvestigating corrosion in USTs?



In 2012 CDFA completed the first major fiektudyon the issue CDFA physically and
analytically examined sigperatingUST systemstoring dieseandconclucedthatthe corrosion
of UST metallic equipment was caused or enhanced by low molecular weighsaciuas
acetic acid and formic acidistributed throughout the systel@DFA believedthe acids ere
themetabolic byproductsef microorganismgroliferating within diesel USTandwere
contributing to corrosion through a mechanisaiedmicrobiologically-influenced corrosion
(MIC). MIC is defined aghe deterioration of metals due to the metabolic activities of
microorganismsnd is weHlestablished in corrosion literatyi@though the mechanisms are not
fully understood. CDFA hypotheszedthat MIC is occurringvhen microbial populaticn
degradesthanolpresent in the fugb low molecular weight acidsThis was based partially on
CDF A 6 s finglihgs af gthanol preserin some of the fuel analqueous phassamples
collected from the population of tanks

Ethanolwas notexpected tdoe presenin dieselfuel. CDFA hypothesizedie source of
the ethanol was contamination of the fuel supply through crassitmh loadingof fuel
transportation trucks with no or inadequate cleaning procedures between deliveries or through
other method. CDFA further hypothesized that the presence of oxygen and water,
Acetobactebacteria living in the aqueous phase of the U&tdduse or oxidize the ethanol.
Because dyproduct oftea t s pmecmbiat metabolism is acetic aci@DFAd Bypothesis
suggestedhat acid couldhen volatilizeinto the vapor space of the USTeating themetal
equipment andausingcorrosion.

Further examination d F D Aréssilts suggested that some of the organic acids
indicated another possibility of MIC oacing as a result of microbial populations feeding on
constituents of thdieselfuel itselfand notonly ethanol contamination. This ddunclude the
diesel fuelfatty acid methyl ester&AME) components of biodiesel in the fuahdtrace
amounts ofjlycerolremaining from biodiesel productidnUSTsstoringdieselmay contairup
to 5percentbiodiesel blendediccording toASTM D975 standard for diesel futlThis
biodiesel in turn may contain glycerol, a byproduct of the production processefaised to as
glycerin in the analytical methods usedur research Most glycerol is removed after biodiesel
production, but &ow concentration is allowed to remaacording toASTM fuel standard
D67511° Specifically, free glycerin may not excee@Ppercentmass and total glycerin may
not exceed 0.2gercentmass in the 10percentbiodiesel blend stock.

Metabolic consumption of glycerol by microbial populations could presotatile
organic acids such as propionic, lactic, or glyceric adidCDFAG study, acetic acid prompted
the hypothes of ethanol presence being the cause of the cortdsievever, other organic acids
were found.In 2013,E P AORD conductech reseechstudyon et hanol and gl yce
potentialrole in microbial corrosiorin USTs'? Comparison of ORD findingson corrosion in
water bottomso CDFAS kypothesssuggested that CDFAB y pot hesi s of et hanol
could also apply to glycerol insel fuel, although it was nbstedas a hypothesis in CDFAs
report conclusionsThe role of biofuelsn diesel corrosion has been suggested but not pitoywen
these previous research efforféhe exploratory nature abur researclvas designed witthe
intert of being able to examine for apyedictivefactors in the corrosion and not just the
hypothesized role of biofuels. By checking foedictivefactors, the feasibility of either of



thesehypotheseshould be determined our researclalong with possible identification of other
common patterns in the operation or maintenance, fuel distribution, environmental conditions, or
UST equipment demographic areas.

While research publications specificunderstanding the root causepofst2007
corrosion in diesel USTis limited, independent groups and private compahege developed
several documentargeted towards minimizindpe corrosion associated with storing diesel.fuel
Five examples are th€oordinating Research CouricifCRC) Preventive Maintenance Guide
for Diesel Storage and Dispensing Systam3$Diesel Fud Storage anddandling Guide; Clean
Di esel F u &blidardce fbrivadergreuddsStorage Tank Management at ULSD
Dispensing FacilitiesSt eel Tank IRacemmendedtPeadice fo( SSofabe) Tank
Maintenance R111 Revisioaind ASTM D6469Standard Guide for Microbial Contamination
in Fuels and Fuel Systepk&4 151617

Some owners indicatétlat followingtreatments presented in these documieassbeen
effective in slowing corrosion in their affected USTde$e documents generalbcus on
minimizing waterin order to limit microbial growtln USTs among other enhanced
maintenance practice§ hese practices may suggest more frequent water or fuel monitoring,
usingdifferent filters, orusingbiocidesor corrosion inhibitors Other fuel treatment products
intended to dissolve and remove microbial colonies and protect submerged metal surfaces
anecdotally suggest success in limiting corrosiBreliminary anecdotal results of limiting
oxygenin USTs througtihe use of nitrogen blanketimgjuipment in order to prevent the growth
of microorganisms that require oxygen for survstabw potentiato limit corrosionin the vapor
space of UST,sas do filtration systems designed to remove particulates iarfidelvaer in
which microbial colonies could liveThese resultare circumstantiabut togethesuggest
probable supporting evidenfrem field experience$or laboratoryresearchwhichhas
hypothesized tha#lIC is likely involvedin corrosionin USTs storing diesel argliggested
limiting microbial populations is key to minimizing corrosion.

Changes to dieséliel formulation, distribution, or storage practice®r the last ten
yearscould also be allowing natural process#®er than bacterial oxidation of fuel or fuel
contaminantso occur These natural processesy not have been possible or may not have
beenas prevalenbefore diesel fuel began to change around 2GR@gi, archaeaand
eukaryotic organismare ghermechanisms thatould be causing or contributing to corrosion
attacks in UST systems storing dies&lcombination of these and other yetbeidentified
factors could also be responsible. Becahsébase o$cientific researchpecific tocorrosion n
underground storage tanks since 2@@slimited, and because of the multitude of variable
potentiallyinvolved,our researcineeded to have a broad focus that could best help all involved
in the diesel fuel industrynderstand the issue more completely

EPA Research Plans
EPA worked with industry to desigesearchihat would maximizéhe understanding of
the issue within budget constraintSPA collaborated extensively with CRC during the

development oburresearchCRCwasalready planningo comgete an additional research
study after EPA completemlrwork. E P A éokaborationwith industry was important to avoid
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duplicating or overlapping effortE£PA, by beginning research firstad the opportunity to
focus on understanding the risks andt Imesrowing down, without needing to pinpoint, the
possible causesSCRCO mesearch plans areoving forwardandtaking into accounpreliminary
findings fromEPAS eeport.

After significant consultatiowith CRC EPA decided that thenost usefubpproachwas
to undertake exploratofeld researclof a large population of UST systems and look for
predictive factorsvith UST systems experiencing severe corrosife present ouiindingsin
this report EPA attemptedo identify any corrosiopredcting factors acrosg2 UST systems a
much larger grouthan examined beforeThis approaclallowedEPA to look for anything that
could be commoto UST systems with corrosipimcludingthe opportunity to examine the
hypotheses suggested by previous reseaotiid hold true across a largemd more diverse
sample populatianEPA weighedthe opportunityto examire dozens okystems nationwideith
thesignificant costnvolved in laboratory workor the most extensivanalysis options.
Therefore our researchlesign equired carefubalance in selectinig@boratoryanalyseghat
would reveal the most information abaatrrosiondevelopmentvithout addingsuchsignificant
costthatwe would have to redudberesearcipopulation

After wefinalized ourplan we selected12 operational USTstoring diesel.We
inspected alUST systerain the diverse sample populatifor corrosion gatheredsample of
fuel, vapor, and aqueous phase where possixterdedsite observationsandgathered
available historical information about the UST systémm ownes. We then categorizedhé
UST systems according to the observed corrosion coverage as minimal, moderate, or severe.
Next, we combined malyticalresultsof the collected samplesith historicalinformationabout
the USTsthe site observations, and corrosion coverage categorizatioasalydedor
predictive factors Theresearchesuls will add information to the body of knowledge abthg
extent of corosion in USTSs storing diesel fuéVe thought anynedictive factors identified in
our researchvould help focus the search of potential causethfanextphase of followon
research.
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Chapter 2
M ethodology

E P A 6ssarchatempted to identify predictive factors for severe or minimal corrosion in
USTs storing diesddy (1) inspectingand sampling ST systemsand categorizing the USTs by
corrosion extent(2) analyzing thecollectedsamples and buildinglargedata sg and(3)
statisticallyevaluatinghosedata forpredictive factors

EPAdeveloped and implementedr researclaccording ta quality assurance project
plan (QAPP) seeSupplemenA. The QAPPpresentprocedures for inspectingategorizing
and sampling the 42 USTs storidigse] methods foanalyzing the sampleandmethods for
evaluating the data. €hQAPPensured uniform inspections of equipmehhe QAPP also
ensured thatwe accurately conductedcomprehensive analysid samples and dataur
procedures anthethodsaredescribedn detail in the QAPRindsummarized briefly below.

l. Information Gathering

We followed the procedures and methods presented in the QARPBraohacted p-site
inspections of 42 UST systems. The inspections included Misaxaminng the UST system
equipment andollectingsample of vapor, fuel, anédiqueous phasahen presentThis
research also attempted to gather significdditeonalinformationfrom ownersvia
guestionnairea b out e ac h ope&ionmantenarceu@lisupply, and storadestory.

The onsite inspections were conducted between January 26 and February 18t 2015
different sites 4t two sitestwo USTs wer@nspectefl EPA chose diverse population of UST
systems from available sites voluntarily offered by owrssme otthe UST systemiad known
corrosion issues prior to the inspectioftsis important to note thathen attempting to organize
inspection sited-PA specificallyaskedpotential volunteer ownefsr sites witha history of
corrosion Because EPA had no data on the percentage of systems actually affected by
corrosion, we wanted texamire a population were 50percentof sites had previous corrosion
and 50percenthad no corrosionUltimately, EPA selectearesearctpopulation that included
less than 25 percent reportikigowledge opast or present corrosiofiRegardlessthe
population ofinspected systems our researcls notarandom orepresentative samptd the
diversity ofUSTs storingdieselin the Lhited States We discusshis and othedifferences
between the sample and national population in more digtiilin Chapter 2

The USTBinspected during thieesearchncludedbothUST systemsvith steel tanks and
UST systemsvith fiberglasstanks CDF A6 s 2 (ydthieredsinfounthtyothrough deeper
analysis, but only foceslon UST systems with fiberglass tanké/hen planningc P A6 s
researchwe wantedto include an equal number of steel and fiberglass tanke isatimple
population howeverdue to logistical challenges afranging availablgolunteered sites in
clusteredocationsso ago minimize the amount afur research budget spent on trawes
inspectednorefiberglass tankthansteel tanks24 and 18, respectively he storage capacity of
the tanks ranged from 5,000 to 20,000 gallons, midmyof them 12,000 gallonsvhich isa
typical size for the idustry. Figure2 presents the tank population by storage capacityaarid
material. The inspection locations represented various geographic areas acrogetigtdies
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Differenceln The Sample PopulatiorAnd National UST Population

The samplepopulationof USTs storing diesétPA examined isliverse, butmostlikely
doesnotaccuratéy represent theational demographic of the ownersfefierally regulated
USTs storing diesdbr three reasonsFirst, EPA estimates that motkean 50perceniof
federally regulated retail UST locations are the responsibility of owners with only one retail
station, but because of limitations associated with coordinating volunteeredsitessearch
included only one individual site owner out of the eigditticipatingowners. This is significant
because wners of multiple UST systems agenerallylikely to bemore aware of UST system
issues and maintenance needs simply because @ghieementaissociated with operating
multiple fueling systemsLarge company owners of USTs at multiple locations often have
employees specifically dedicated to manadhmese systems.

Thesecond reason tltkesel USTselected foour researclarenot an accurate
representation is because the sample was not ranBanng researctdesign EPA originally
attemptedo use gpopulation with 5¢ercentof the UST systemwith current or priorcorrosion
problems and 5fercentof the populatiorwithout corrosion issues, according to the owners
selfreporting. EPA specifically looked fotST systems whose owndrslieved or knew
whether theitUST hadprevious or currentorrosion issugin order tousean equally split
corrosion population to begour research However, EPA was not able to obtain a&Dsplit
of reported corroded and naorroded sites from the viable site options before the research
began.

EPA andour contractor asked about corrosion histories through email and phone calls
when scheduling potential participant USTihe vast majority of potential volunteer owners
saidthat although thewould participat andallow inspection ofheir sites as part of the
researchthey were not aware of in@JST systers having current or past corrosion issués.
verify the corrosion history of each UST systenthe finalresearctpopulation, weasked all
owners of USTs in the population ifey knew of current or past corrosion in the UShiswas
the firstquestion on thguestionnairén Supplement AAppendix B whichis discussed in more
detail later in this chapter

Of the 27USTs for which this questionnaire was moségswered, dy five
affirmatively reportedcurrent or pastorrosion The other answers were mixeth owners
replied to the question with unknowmvo repliedno; four repliednone known aboy&andone
did not answer the question. Of the remaining 15 $I8Theresearctpopulation from whom
responses were not collect&PRA is aware through conversatigreor to beginning the
researchhat at least three had reported prior corrosion issues. EPA believes for the ather 12
42 sites the owners were not awargyast corrosion issues. In total EBAnkseightof the 42
sites, or 19 percent of the total population, were aware of current or past corrosion issues prior to
EPA beginniig its research, but acknowledge that we cannot be certain.

We did not factoriie number of sitewith current or pastorrosion into the statistical
analysis of potential predictive factors, sdid not affect the research results. However, the
number of owners who were aware of corrogaor to research beginning relevant to
interpreting the findings. Therefore, we wanted to err on the side of more conservative results
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and use less than 25 percent to describe the number of UST systems reporting current or prior
corrosion to account for the fact that it could actually bedridimaan the 19 percent we believe
actually knew of corrosionTherefore, despitan intentionally biased sample for the research
population, overall less than pgrcentof the 42 choseb)ST system owneneported a prior
knowledge of corrosion in theiystem before EPA inspections.

The thirdreasorthe results are not an accurate representatitedefally regulatedSTs
storing diesel fuel is that no emergency generator tanks (EGTS) were included in this study.
EGTs number in the thousands natioteviheystore fuel for long periods of time withel
storageurnover rates much lower th&tsTs for refuelingatretail stations and neretail
locations. Therefore, many conditions in EGWall be different and corrosion may be more or
less of anissue than in USTs used for fusdivehicles or equipment other than emergency
generators

A. UST SystemBackground Information

After EPA identifiedthe UST systems to be inspectes, gathere@ddtional
background information by asking owngve a detailed questionnaiyout the UST system
serviceand maintenance historie$he goal of collecting this information wasinclude UST
system storage history, fuel supply, maintenaand oversight practices in the search for
predictive factordor USTshavingsevere corrosionWe gatheredane of this information on
site during inspections, but much of it was collectedewiilswith owners or managers before
andafter the orsite nspections. Some ownayEmultiple USTs across several locatiahd
not allowon-site employees to provideformation, while otheowness alloweddirect
communication®nly with local site managersFor some of the UST systemsaintenance
records wes housedn site, while otherecords werenaintainedn centralized databases.

Overall, much of thisbackgroundnformation was incomplete amavailablerom the
owners regardless of the UST maintenance documentation mefffud wasthe casédor
several reasonfor example, owners and operators may not have received the redanals
they purchased the USiiom previous owneror ownersmay not have retaingecords
unessential to compliance reportin@ther reasons includestiaffing or procedtal changes that
made continuityf recordkeepinglifficult. Sometimes the reason for incomplatswers was
unknown.

Of the 42 UST systems inspectedinr researchwe obtainedanswers to all or the
majority of the background questions & of thesystemsseeinformation inSupplemenB.
Of the answers obtained, the level of detail and certainty varied gasatiggthe various
owners. For example, some owners reported an estimated monthly throughput rounded to the
nearest one thousand with nalication of the delivery volumes or number of deliveries.
Otherssent delivery records of the past 12 months containing the dates and accurate volumes of
the deliveries. Owners were approached no more than three times for gaps or clarifications
abouttheinformation.
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B. On-Site InspectionsAnd Corrosion Classification

On-site inspedionsincluded viswal docunentation ofthe UST systentonditionswith
an inemal tank video angbhotosand sample collectionWe conducted e site inspection for
each UST system, capturing the conditiohthe UST systeron the day of inspectioriwe
then collectedamples of feal, vapa, and theaqueous phaser water bottomfrom each UST
system following the detailed inspection procedumethe QAPRwhich included completion of
achecklistand smple colledion log sheet. Inspetion teamspacked and shipped samptes
laboratories for analysis abmpostion and \ariouschemicd properties according tadhe
QAPP. The QAPRN SupplemenA detailsourinspectionproceduresind contains the
inspection checklist and sample collection log sheet used for the inspettienssedhe
recordings of the internal videaspectiors to categorizehe kevel of corrosion in each of the
USTs in the sample population.

The CRCDiesd Performance Group, comprised of industrgtakeholdersdeveloped a
standargorotocolto be used as an ite corroson coverageclassification assessment
proceduré® The CRCprotocol was finalized in 2014 and was intended to be used by
researcherm selectingJST systemdor researching corrosionThe protocoinstructsan
assessor to inspect the dispenser filter and then estimate the amount of corrosion covkeage on
STPshaftasanindicaion of the extent of corrosion throughout the system. The metal shatft is
commonly reporteds beingaffected by corrosion and an integrapiece of equipment for
systemoperation The STP shafis agood indicatoto assess corsmonbecause it is oriented
vertically within the tank and has portions of the shaft that are almost always wetted with fuel,
sometimes wetted with fuel, and almost always in the vapor space.

EPA usednuch ofC R C pratocolas the basis for determinitige level of corrosion in
each UST systemtHowever,our procedurediverged from CRG protocolin thatCRGCS s
protocol was designddr selectingspecificsitesto investigate wher e EPAG6s sites
predetermined Our processlsoincludedmore metal comonents than jushe STP shafin
the assessmenifsthe STP shaft did not appearaccuratelyrepresent theverallamount of
corrosionobservedn other metal surfac@s the UST EPAO processalso diverged from
CRGd protocol becausee basedhefinal assessment of corrosion coveragehree
independenassessmentand for some systentializedthe categorizationnly afterfollow-
up discussiorby assessorsThe fieldteamcamera operatanade an initial assessment during
the inspection, theBEPA and our contract@ach in@pendently assessed themrrosion
coveragepresent in an UST system by reviewinghe internaltankvideos Similar toCRC6 s
protocol,theassessments ourresearchnitially esimatedthe percent of corrosioncoverage
onthe STP sheft. Then if necessarye reviewed and discusstte overall corrosion
coverage. The end result was a determination of the extent of corrosion considgéhe
UST systemsccording to three categories

a Minimal: less tharb percentcoverage
U Moderate: 5 percento 49 percentcoverage
U Severe: 50 percentor greateicorrosion coverage
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Often, the threendependenassessmentgereaccuratelymade basednly on the STP
shaft, andften agreed unanimousiy which corrosiomrategorybest represented the condition
of the UST systems-However,the assessodid not agree unanimously @2 initial
assessmentdn the situations where the three initial assessments were not in agreement
EPA, our contractor, and the field team manatissussedhe UST systenalassification.

For those observations whewe did not reaclinanimous consent aftdris additional

discussion, the QAPP called for EPA to make the final determinatiomach othosefew

situations where@nanimougonsensus was not reactibobughdiscussionEPA made the

final determination to classify the UST systemthe categoryvhere there weralreadyat least

two of the same assessments out of the threegar dl ess of what EPAGSs
was

Il. Sample Collection

EPA collected apor, fuel, anédqueous phasamplesif presentfrom each USTsystem
per the QAPRroceduresthe samples were thehipped to various lavatories for multiple
analyses SeeTable 2for analytical methods by sample typ€he first step of the inspection
was to open the UST system and immediately collect vapor saraple®ll asn-tank
temperature and relative humidity reading$ie vapor samples were collected fromhgor
space above the fuiglsideeach UST This space is alscalled the ullage space. In order to
minimize mixing of fresh air in the tank, only one cap was opened during the vapor sampling,
and the vapor collection was completed before opening anypahsrof the UST.The vapor
was collected & rate oft liter (L) per minute for 100 minutes through a single tank opening,
either the fillopening after removing the drop tutdethe ATG opening after removing the ATG
probe.

Once vapor sampling wasmpletewe collectecafuel samplefrom the tank through
either the fillopeningor the ATG opening. We did not collectdel samplesrom the fuel
dispenser because tank collection more accurately captures the condition of the bulk, unfiltered
fuel stoed.

Field teamghenattempted to colle@queous phasamples Waterin USTscan be
entrained in fuelseparatedto anaqueous phasat the bottom of the tan&r both For this
reasontheaqueous phase is more commonly referred soveater bottom in the fueling
industry. Approximately 0.9_ of aqueous phaseater was needed to fill the sample jars per the
QAPP, we collectedhis volume from 11 of the 42 UST systeniie low number ohqueous
phasesamples collected could be attribdite the sampling techniques and tank openings
sampled in relation to the sloping of the tankiSTs storing diesel are generally prone to have
water accumulation that require active management to regularly removevé asinowledge
that a sufficient \ater sample collection from only 26 percent of the UST sample population
could have been a result of the limitations of the sampling approach.

Thefield teams had two sampling methods available to them to attempt to collect the
water. One was a closedre type grab sampler, commonly known as the Bacon Bomb. This
device can be swung slightly and drug along the bottom of the tank to collect water directly
under the opening and in relatiyelose proximity to the area under the openifge second
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samping device was the Tanknology Vacuum Sampler (TVS), which was designed for the
specific purpose of sampling water at the bottom of USging for this device is weighted

and can be maneuvered to either side, reaching areas along the bottom of fimghmnaway

from the area directly under the opening. All access points were available for entry to the USTs
except for the point where the STP was installedpending on the sloping of the tank, the

lowest point of the tank where water would colleetynbe under the STRNe did not remove

and disassembl&é¢ STPs foour researchSTPsare quite heavy and cumbersome to remove,

and if severe corrosion were found, the corrosion could have hindered reinstallation of the pump
or required replacement. iBlrisk to an operational system, in addition to the possible
interruption of diesel service to customers, was undesirabéséarchparticipantandEPA.

EPA decided in the research planning stages not to remove STPs because of these andcerns
that may have affecteslr ability to gather more than 11 water samples for analyses.

For 10 of the 11 aqueous phase samptikected an aliquoi(~0.25 L)was filtered
through a cellulose filteto capture biological materiahtil the filterclogged We did not
conduct nicrobial community analysisn these filteras part of this investigationather the
filters remain archived a¢ss thar60°Cfor potentialdeoxyribonucleic acid@{NA)
identification analysis by EPA or amyherinterestedentity researching the diesel corrosion
issue

EPA intended forlhsamples to be handled according to the QAPP; however, upon
analysis of thesampleswe identifiedisopropyl alcohol in 18 of the fuel samples. Isopropyl
alcohol was specified in the @® as the cleaning agent for the sampling equipben#use it
shouldquickly volatilize into air, leaving the equipment clean and de could not determine
with certainty he source of the isopropyl alcohol in teempleresults but it is likelythat the
equipment may have been used before the isopropyl alcohol completely evaporated. Isopropyl
alcoholwas chosen as the cleaning agent becis@ot expected to be presentieselor in
the UST environment through microbial metabolic procesberefore, the identified isopropyl
alcohol is most likely contamination from the cleaning procedure. Becaukeythedings of
this study relate to general trends of corrosion observatiothshe search for predictive factors
the contamination de@enotchange the results reportedimpact thefinal conclusions of the
report

Il Sample Analyses

Thesamples were shipped framspectionsites directly to various analytical
laboratories Table 2 summarizes tlehemical analyses conductelach laboratoryas
responsible for performingne or more of the analysis methaaofsformly for all of the relevant
samplesollected Table 2is organizedy sample typgfuel, aqueous phasand vapor) and
includes the method title and standard method nunflagplicable for each analysis performed
on the samplesEach method listed in Tak®ehasquality control QC) procedures and samples
that were required for analyselong with thefield samplesto ensure the quality of the
measurements. A duplicate liquid fuel amgieous phassample was collected for at least 10
percentof thetotal samples collected. For the vapor samples, a field blank and a duplicate
sample were collected drsubmitted for analysier 10 percentof the samples. In addition,
analytical QC samples were included by all the laboratories to \tkatthere was no cross
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contamination or carrgver between samples during analysis. The QC requirements and
accepance criteria for fuelaqueous phasand vapor samples are presented in the QAPP.

V. Statistical Analysis Approach

E P A@searclwas primarily exploratory in nature and sought the most likely
association and pathway between corrosiometal components inside diesel USihsl the
potential predictor variables collected. For the main analysis, in terms of classification and
prediction accuracy, the machine learning technique known as randeshdtassification was
used. This technique is considered one of the best among all available methods as shown
recently by FernandeRelgadg Cernadas, and Bartd It is alsoparticularly well suited to
situations with more variables than observatiofisis approach helps to define the problem and
to understand what characteristics are potential predictorsl®@ system experiencing
corrosion.

In addition, since previous research hypothesized that acids in the vapor space resulting
from MIC were tle cause of corrosion, an analysigs conductetb determine if the amount of
acids correlated with the presence of corrosion. A calculation was performed to sum the
concentrations of the low molecular weight acids to a single value of acid concentration
represented as total acidic hydrogen valuerder to compare this value across USTs in the
population. An analysis of variance (ANOVA) was performed for this outcome, and
simultaneous 9percentconfidence intervals were obtained for all three paewisntrasts of the
corrosion categories. This total acidic hydrogen quantity was also analyzed as a potential
predictor in a random forest classification along with the other variables to see how it measures
in importance compared to the rest of the \des.
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Table 2. Analytical Methods By Sample Type

Determination Of

Fuel Analysis Methods

Method Identifier

Water inpetroleumproducts,lubricatingoils, and

Watercontent additives bycoulometric Karl Fischetitration (Procedurg ASTM D6304
B)
Determination oflensity,relativedensity, andAmerican

Density Petroleum Institute (APIyravity of liquids bydigital ASTM D4052
densitymeter

Total acid number (TAN) Acid number ofpetroleumproducts bypotentiometric ASTM D664

titration

Corrosionrating

Determiningcorrosiveproperties ofargoes irpetroleum
productpipelines

NACE TM-0172

Particulatecontamination imrmiddle distillate fuels by

Particulates S ASTM D6217
laboratonfiltration
Determination obiodiesel (FAME)content indieselfuel
Biodieselcontent oil usingmid-infraredspectroscopy (FIR-ATR-PLS ASTM D7371
method)
Flashpoint Flashpoint by PenskyMartensclosedcup tester ASTM D93
Free andotal glycerin Determination ofree andotal glycerin inbiodiesel ASTM D7591

blends byanion exchangechromatography

Unknowns ofinterest

Gaschromatographynassspectrometry
(GC-MS) full scan

Lab in-housemethod

Determination ofotal sulfur in light hydrocarbonsgpark

Sulfur content ignition enginefuel, dieselenginefuel, andengineoil by | ASTM D5453
ultraviolet fluorescence
Conductivity Electricalconductivity ofaviation anddistillate fuels ASTM D2624

Acetic, formic, propionic,
butyric, and lactic acids

Determination oghort-chainfatty acids by GEMS

Labin-housemethod

Determination Of

Aqueous Phasé\nalysis Methods

Method Identifier

Acetic, formic, propionic,
lacticacids

lon chromatography (IC) for shedhain fatty acids

Modified EPA 300

Glycerin

IC test forfreeglycerin

Lab in-housemethod

Cations éodium,calcium,
magnesiumpotassium,
ammonium) andanions
(chloride, sulfate, nitrate
andfluoride)

Determination oflissolvedalkali andalkaline earth
cations ancammonium inwater andvastewater byon
chromatography

ASTM D6919*

pH

pH (electric)

EPA 150.1

Conductivity

Conductancespecific conductance, pumhos at 25°C)

EPA 120.1

Ethanol andnethanol

Nonhalogenatedrganicsusing GGflameionization
detector FID)

SW846 8015B

Determination Of

Vapor Analysis Methods

Method Identifier

Percentelativehumidity

Vapor spacepercentrelativehumidity

Hygrometer

Acetic, formic, propionic,
andbutyric acids

Carboxylicacids inambientair using GGMS

ALS Method 102

Lactic acid

Determination ofacticacid in ambientair

Modified NIOSH 7903
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Chapter 3
ObservationsAnd Results

Corrosion Observationsin USTs Storing Diesel

Data collected on site by the field teams were combined witb #lesystem
information provided by ownetirough the questionnaird able 3 liststhie USTsystemghat
were inspectedalong with some basic characteristics of each of the systecetion,
installation year, tank material, and tank capacity. The UST systems are presented by corrosion
category and then by geographical clusteaible 3 alsshows with shaegd rowswhere
agueous phasegere found anduccessfullysampled from 1UST systems We were unable to
collect ajueous phaseof sufficient volume fronthe othetUST systems An asterisk in the
corrosion coverageolumn indicates where the three independent assessments wermitial in
unanimousagreemenandEPA, our contrator, andsubcontractodiscussed the classification
before a categgrwasassignedye discusshisin Chapter 2.SeeSupplemenB for additional
UST system characteristics and inspection data.

CorrosionWasMore Prevalent Than Expected

Approximately 8 percenti 35 of 42i of the USTsevaluated irthe 10 clusters around
the United Stateswere classified with moderate or severe corrgslarof the 42 USTsvere
classified as having moderate corrosion andfliBe 42were classified as king severe
corrosion. The remaining seven USTs were classified as having minimal corrbgjare 4
groups the UST systems by corrosion category and tank matébalglassand steel.The data
showed that minimal, moderate, and severe corragiametal components occurre@dboth
types of tank constructiorVithin theresearclpopulation even some of the few USTs
classified as having minimal corrosibad corrosion. The inspections were a snapshot in time,
and therefore predicting future corrosiis not possible. However, it is possible that even those
USTs exhibiting minimal corrosiowereat the beginning stagef more advanced metal
corrosion The corroded bunip Figure6, an UST with overall minimal corrosion, is an
example

PR N
N o O

Minimal Moderate Severe
Corrosion Category

# of UST Systems

o b~

Steel m Fiberglass
Figure 4. Forty-Two USTs By Corrosion Category And Material
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For the USTs categorized as moderate or severe, visual corrosion observations from
thisresearclwere consistent with observations of corrosion reported Rdinl 2018
industrycorrosionsurveya n d C RFLA stuslyas well ageneralanecdotes from thdST
industry?% 2
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Table 3. CharacteristicsAnd Corrosion CoverageOf USTs InspectedrFor This Research

SysL,iSr-LID (é%r\;gf;%g Geographic Cluster State Inst\r;u(!:?on Tank Material | Capacity
22-CO-FG Minimal Denver CO 2012 Fiberglass 12,000
48-CO-FG Minimal Denver CO 2012 Fiberglass 12,000
14-LA-ST Minimal* Louisiana LA 2012 Steel 8,000

29-CA-FG Minimal San Francisco CA 2003 Fiberglass 20,000
31-CA-ST Minimal San Francisco CA 1987 Steel (coated)| 12,000
42-PA-ST Minimal SoutheasPA PA 1994 Steel 10,000
45VA-FG Minimal Washington, DC VA Unknown Fiberglass 10,000
2-IL-FG Moderate | Chicago/Northern Indiang IL 1995 Fiberglass 6,000

1-IL-FG Moderate* | Chicago/Northern Indiang IL 2006 Fiberglass 12,000
5-IL-FG Moderate* | Chicago/Northern Indiang IL 2005 Fiberglass 12,000
46-IL-ST Moderate* | Chicago/Northern Indiang IL 1992 Steel 20,000
23-CO-FG Moderate* Denver CO 2014 Fiberglass 12,000
8-IN-FG Moderate Ft. Wayne IN 2006 Fiberglass 12,000
12-MO-FG Moderate Kansas City MO 2006 Fiberglass 12,000
10-MO-FG | Moderate* Kansas City MO 2005 Fiberglass 12,000
17-TN-FG Moderate Knoxville TN 2011 Fiberglass 12,000
18 TN-ST Moderate* Knoxville TN 1986 Steel 12,000
34-NY-ST Moderate* Long Island NY 1992 Steel 12,000
37-NY-ST Moderate* Long Island NY 1991 Steel 5,000

49-NY-ST Moderate* Long Island NY 2010 Steel 10,000
27-CA-ST Moderate* San Francisco CA 1998 Steel 12,000
39-NJ-ST Moderate* Southeast PA NJ 1990 Steel 10,000
40-PA-ST Moderate* Southeast PA PA 1994 Steel 10,000
44-VA-FG Moderate* Washington, DC VA Unknown Fiberglass 10,000
3-IL-ST Severe Chicago/Northern Indiang 1L 1992 Steel (coated)| 20,000
6-IN-ST Severe* Chicago/Northern Indiang IN 1992 Steel 8,000

9-IN-FG Severe* Chicago/Northern Indiang IN 2006 Fiberglass 12,000
26-CO-FG Severe Denver CO 1996 Fiberglass 6,000

24-CO-ST Severe* Denver CO Unknown Steel 8,000

7-IN-ST Severe* Ft. Wayne IN 1992 Steel 6,000

11-KS-FG Severe Kansas City KS Unknown Fiberglass 15,000
16-TN-FG Severe Knoxville TN 2004 Fiberglass 12,000
32-NY-FG Severe Long Island NY 2007 Fiberglass 12,000
33NY-FG Severe Long Island NY 2010 Fiberglass 7,000

35NY-FG Severe* Long Island NY 1986 Fiberglass 6,000

36-NY-ST Severe* Long Island NY 1991 Steel 15,000
13-LA-FG Severe Louisiana LA 2008 Fiberglass 12,000
15LA-FG Severe Louisiana LA 2000 Fiberglass 6,000

47-LA-FG Severe* Louisiana LA 2002 Fiberglass 12,000
30-CA-FG Severe San Francisco CA 2003 Fiberglass 6,000

28-CA-ST Severe* San Francisco CA 1999 Steel 10,000
43-MD-ST Severe Washington, DC MD 1992 Steel 20,000

Shading indicateaqueous phasgas present and sampled

*Indicateswhereinitial classificationsvere not inunanimousagreemenandEPA, our contractor, and subcontractor

discussed thelassificatios as described in Chapter 2

23



Observations sometimes included tubercle formations covering various metal surfaces
of components within these UST systerismany of the 42 USTsye observedorrosion or
tubercle coverage of the STP shaft onlytlom portion of the shaft in the vapor space. In
some severe casege observedorrosion or tubercle coverage on the entire length of the STP
shaft. Corrosion coverage patterasediscussed in more detail later in this report.

Most Owners Likely Not Aware This Could Be Affecting Th&ilST Systens

Approximately83 percenwof the inspected tanks showed moderate or severe metal
corrosion. Owners reported having known corrosionasd than 2percentof the USTs.As
discussecarlier, he systems inspectatgaynotbea representative sample of thaiteéd
States however, considering the many anecdotal reports from owners and service companies,
previous research efforts, and results of the classification effort, the true poevafesevere
corrosion of metal components in UST systems storing digpaars to be significanMany
owners are likelyinawarethat such corrosiomay beaffecting their UST systesn

Corrosion Of Metals Affects Both USTs With Steel Tanks And USVih Fiberglass
Tanks

In ourresearch, wattempted to identifand includean equal number of USTs with steel
tanks and fiberglass tanksthe sample populationrHoweverour research uset fiberglass
tanksand18 steel tanks in the sample populati@ur research shovikat corrosion of metals is
not dependent on the type of tar®orrosion on metal componentsdiéselUSTs was present
in both UST systems with fiberglass tanks and UST systems with steel tEmgorrosionvas
not limited to paticular geographic region®ur observations ohe corrosion suggest that
metal components in the vapor portions of tanks are most susceptible to corrossevealit
UST systemshowed corrosion of metal equipment in lower portjevigch generally renain
wetted by fuel.

We observedarrosion omrmetals in the vapor spadacludingSTP shaftsATG shafts,
drop tubesandoverfill prevention devices such as flapper valves and ball fl¢datecdoes
from industrysuggest that flapper valves and lalats may be particularly prone to malfunction
due to corrosion Theseanecdoteslso suggest that equipment not within the tank area,
including shear valvesvhich arealso known as fire valves or impact valyvasd line leak
detectors may be pronefianctional failurefrom corrosion in diesel UST systemis our
researchwe observedorrosion on metal bungs in the top of the tank anthewalls of some
steel tanks.

Most Severe&Corrosion Was Observelsh The Highest Parts OfThe Tank

Oneimportant obgrvation was that thestesl surfaces exposed tothevapor phaseabove
thefuel generally appeared to show mamrosion than theuifaces that vere generallyfully
immersed inthefuel. In multiple USTswe observeaorrosionappearingo be more advanced
onportions of the STP shafihich aregenerally in the vapor spatieanonthe sectiorgenerally
in the fuel level Seean example rom UST systen®-IN-FG inFigureb.
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From the inspdionsand general observatigrthecorrosionis more commonly severe
in vapor spaces versuswetted pation ofthe tanks.Pleasenote thabecause diesel fuel is often
opaque, ouassessment of the bottoms of the tanks was generally limited unless fuel levels
were very low. Howevein some USTs wevaluategdwe observedevere corrosion nearly to
the bottom of the UST.

Figure 5. UST System 9N-FG STP Shaft Corrosion
(Left Photo: Middle Of Shaft [Generally Submersed],Right Photo: Top Of Shaft
[Generally Exposed To Air])

The STP st#ft is situated verticdly in thetank, and much of the shaftékposed to both
fudl and vapor space as fuel is dispensed and resupplied and the fuel level line rises and lowers
in the tank.In some mderate corrosioncases observed imur researchthe STPsheft was
coated with corrosion in theapor space butwasnot yet affectedin thewetted or sonetimes
wetted pationsof the shaft. In some evere cases, the STRvas entirely covered with
corrosion. With thecorrosion generallgppearing heaviest thehighest points of the vapor
spece, the ATG riser and undersides of he manways alsoreferred to as tank bungse where
theinitial signs ofcorrosionshould be gpeded, making theseareas ideal for observing the
beginning of corrosion adevelopment. In addition, we observedheavier corrosionin someareas
of the ATG riserwhere vapor cannotcirculateas easily aroundhe rest of the tank

ExamplesOf The Range Of Corrosion Effects

In general, there are limitationsin drawing one corrosion assessmesnclusiornfrom
many pieces oéquipmentvithin USTs Different equipment reads tothe UST environment
in differentways; components @&y be of diferent ages and constructed of different materials
However, inspeding other metal components in the U&henour first assessments using the
STPshaftwerenotin unanimousgreementallowedus toconfidently determine whether the
corrosionproblem existed in an UST system. Figures 6 through 9 showfour examples of ST
systems observed our researchminimal corrosion in alUST system with a fiberglass tgnk
minimal corrosion iran USTsystem with a steel tank, severe corrosioan UST system with
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a fiberglass tank, and severe corrosion in an UST system with a steel tesskcases
provideexamples ofthe range of corrosion observeduring our research

Figure 6 presents anexample of minimal corrosioncoverageof metal components an
UST with afiberglasstank thet is appraximately 12 years old (29-CA-FG). Theriser and STP
sheft are completely free of corrosion,and thefilter is so new it gives no indcation ofthe stte
of theUST. The ottom right phdo of thebung at thetop of thetank shows that sontabecles
are forming around the insidef the burg. The formation otorrosionon the metal bung
indicates that metals inthis tank could beat the beginning of more advancedorrosion
development.

Figure 7 shows photosf an UST with a €d tank that was alsoclassified as having
minimal corrosion (£-PA-ST). Thistank has keen in operation for appraximately 21 years.
Thested shell itsdlf is in excdlent condiion for theage, as are therisers and the drogube.
This systemuses asafe suction systemrather than an STP to dspensefuel. Thesuction tube is
also devoid ofcorrosion. It is unknown ifany of this equipment &s been replaced.

Figure 8 shows UST 38NY-FG; with 29 years in service, thistige oldest énk in our
research The fikerglass tank in this UST systemaspeded to showigns ofaging; however,
corrosiondevelopment on the burgs isparticularly severe, as isthe corrosioncoverage along the
entire length of the STRsheft. It is interesting to note thatis UST hadhe highest Total Acid
Number (TAN) result; at 0.361g KOH/git was significantly higher thaall but one other UST
48 CO-FG, at .28mg KOH/g was the only other UST to have a TAN result ovem@a<OH/g
Oneadditional general observation from someparticularly severe cases isthat thealuminum
pieces, suich as theATG shaft and the dop tube, were sometimes coated witite deposits.
Generaly, aluminumwill not carodein envronments with g@oH above4, so he white deposits
in thesesevere cases suggestthat theUST environment has leen below pH 4at least at some
point intheir service histories.

Figure 9 show&JST 43-MD-ST, a23-year-old steeltank Thefill riserthatwas usedor
thevideo cameraccess lacks almost any evidence of corrosldowever, because it generaly
proteded from vapor by the droptube the riseris not agoodindicaor of the overal extent of
corrosion in ts UST system The STP st is compleély covered by corrosionand theATG
has same depositsalongthe length of the shft and on top of théloat.

Il. Corrosion Coverage ClassificatiorProcess

As discussed earlier initreport we classifedthree levels of corrosion coveralgg
using amodified approacto the CRCprotocol For al but one UST classified as having
minimal corrosionpurthreeassessmes were in unanimous agreemegtassification
consensus was most difficult to readtvieen modeate and severe coverage categories The
asterisks in @le 3 indicatavhen we discussed differing initial assessments of the videos
before making finatledsions.

Using the STPshaftas asurrogate piee of equipment for determining corrosion

severity throughout the systems wkad well for 20 of the 42 USTs, buthe other22 required
morediscussion to adequately ass#ssoverall conditon ofeachUST. This was particularly
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true with suction systems that do not use STPs for dispensindtfapipeared that some STP
shafts or suctiopipeswere brand new, made of a different metakted or paintedyr
somehownon-corrodible because they appearedtme butother metal components in those
USTs showed varying levels of corrosion, sometimes severe. It is possible that some shafts or
pipeshad beemecently replaced due to corrosion, resulting in the appearance of lessaorro
relative to other mtals. Such nformationon maintenance histori@gas not always available

from owners.We recognizedhat sometimethe entire system needed to be taken into account
because of unique conditions observed in each UST inspection fodexgmple differing

visible portions of the STP and other equipment due to the fuel height, tank entry point,
equipment orientation, and the technique of the camera operator).

Figure 6. UST System With Fiberglass Tank With Minimal Metal Corrosion(29-CA-FG:
Installed 2003, Age Of Filter < 1 Month). Top Left: Fill Pipe Opening; Top Right: Fuel
Filter; Bottom Left: STP Shaft; Bottom Right: Tank Top Opening
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Figure 7. UST System With Steel Tank With Minimal Metal Corrosion(42-PA-ST:
Installed 1994; Age Of Filter Unknown). Top Left: Drop Tube And Tank Overview; Top
Right: ATG Opening; Bottom Left: Ball Float; Bottom Right: Tank Top Showing
Manway

Figure 8. UST System With Fiberglass Tank With Severe Metal Corrosio(85-NY-FG:
Installed 1986; Age Of Filter Unknown). Top Left: ATG Opening; Top Right: Tank Top
Openings; Bottom Left: Drop Tube; Bottom Right: STP Shaft And Tank Top Openings
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Figure 9. UST System WithSteel Tank With Severe Metal Corrosion43-MD-ST:
Installed 1992; Age Of Filter Unknown). Top Left: Fill Pipe Opening; Top Right:
STP Shaft; Bottom Left: Tank Top Showing Manway; Bottom Right: ATG
Probe And STP Shaft

In the video inspedionsshowing the condition of eachSTP shaftor suction pipeit was
notclear if the bbck steel pipes were seamless orwelded; however, according to the Steel Tank
Institute, these fittings are generally made from seastded steel Black steel pipehas ablack
oxide coating thatforms during the forging process. The black coating is magneti#@©4{Fand
provides somerotection to atmospheric corrosibat can form red rust inthe presence of
water. Thedegree of corrosion agpends on everal factors,including, but not limited tagpH of
theaqueougphase, availability of oxygen, duration ofexposue, temperature, and presence of
other contaminants suctlas chlorides.

In cases where theessessmentlisagree, we launched the discussion witie state of
the STPputmadethe classification dedsion based on théiscussion of theverall extent of
corrosion coverage visible in the UST systadeo. In an ideal corrosionassessnent, we
would inspectach metl component othe UST system to deérminethe severity of corrosion.
Although some piees are essier to inspe&t than othe's, the mostuseful pieces of equipment to
observearethefud filter, STP shaft, ATG riser, and unarsides of themanwaysandbungs
Dispensefilters, while generally not reported as corroded equipnmaat;collect corrosion
product and particulates over tiraed can be accessed without entering the. tamecdoges
suggest that isomesevere corrosion caseshat has been describedlasking like coffee
grounddepositclog the filter, causing the need fmore frequent filter replacements.
Clogged dispenser filters hagemetims prompted further investigation of the UST system
for corrosion. However, if the service life of thefilt er is unknown oris known to beonly a
short griod, it might notbea goodindicaor of thepresence of corrosianside the UST.
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II. Analytical Results

Analytical resultglerivedby performingthe methodéstedin Table 2on theavailable
vapor,aqueous phasand fuel samplesbtainedirom each UST systere summarized itable
formatin the following sections anarepresented in full ilsupplemenB. The associated
guality assurance (QA)/QC data summary tables are provideapiplemencC.

A. Quality Assessment And Oversigh

The QAPP presents the QA assessment and oversight activities establistieduciour
research Supplemenk includesasummary of the QA assessmepé&formedthroughoutour
inspections, dateollection, and reporting process well aghe audit reports and deviation
reports. Duringour researchwe identifiedsix deviations from the QARRNndwe assesseitie
impact to the data quality in deviation reportfhese deviation report®ncludedhere was no
negative impact to the data qualitythe conclusions ajur report

B. Vapor Analytical TestingAnd Results

In ourresearchthe vapor analysis focused mientifying several acids that were
hypothesizedn previous researdhly CDFA and ORDas likely contributors to MIC Additional
acids were added tmur research in order to test the feasibility of other contributors to corrosion.
Table 4 summarizes a s4i of the resultsVapor measurements from the 42 tanks showed both
acidic and high moisture content conditions, which are conducive to corrosion development.
Either acetic acid or formic acid, or both acids, were present watiaspace of every UST
inspected. These acids are the natstndantaind volatile of the microbial byproducts
hypothesized bprevious researdo be produced in thequeous phasdisrough MIC
Concentrations of acetic and formic acid were as high as 6,200 parts per biNioluimg
(ppbv) and 2,100 ppbv, respectivelinotheracid suggested by previous research to be related
to microbialconsumption of biofuel componentsdiese] propionic acidwas found in 12 of the
samples at much lower concentrations (up to 8 ppbkg vRpor pressure of propioracid at
2.4millimeters ofmercury (mm Hj) at 20°C is significantly lower than acetic and formic acids,
at 11.4and 31.5 mm HG at 203@espectively?? 224 Therefore, propionic acid would be
expected to be at lower concentrations in the vapor even if {fghade concentrations of these
acids were similar. Lactic acid was tested but not detected in any of the sgrogé#slydue to
its low volatility (00813 mm Hg at 25°*° The method reporting limit (MRL) for the vapor
analysis is approximately 0.5 ppbv for these acids.

Hygrometer readings were also taken during the vapor sampling. The anestatige
humidity inside the USTs was @&rcentwith astandard deviation of Jfsercent readings
ranged from 3ercento 98percent The sampling took place in January and February in
different climates where theverage annua@mbient relative humidity ranged frob2 percento
79 percent We observed condensation produced by high humaditlyg the top omany ofthe
tanks. In general, corrosion is more severe in humid environments than in dry environ@ents.
some metals, corrosion can be slowed when humidity is reduced to befmercga.2° High
humidity and subsequent condensation allows the acids wafuespace to sustain contact with
the equipment asaaggressive electrolyte ahiduid condensate This facilitates corrosion
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development on the metal components. Furthermore) iediquid condensatevaporates, the
acidsmayconcentrate on the surfa@thoughthe corrosive actiomay varyon the metal
components.

USTs storinglieselare vented to the atmosphere, allowing ambient air to continually
enter the tankTherefore USTs storing diesel are nexpected tde free from climate influence
on theUST environmentandrelative humidity inside USTstoring diesel may be especially
influential on corrosion developmenAlthough the effect may be varied due tordite, USTs in
all regions of the dited Statesare susceptible to ambient air affecting conditions inside of the
USTs. In humid climates, the UST is expected to have nearly continual high humtith
promotescondensatiom an UST possiblymaking tle USTmore susceptible to corrosion
development. Where the ambient humidity varies due to season, weather events, or geographic
location, the relative humidity in the tank will also vary, allowing for the condensation and
drying cycles thatould affectthe susceptibility and severity of corrosion development. Even in
areas where humidity is low, daily temperature swings can prquirg®ls of high humidity in
USTs when warmer and cooler air mi&gain, this allows for condensatiaf liquids on
surfacesnside the USThat may increase the severity of the corro®pJST system
components
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Table 4. Vapor ResultsIn Order Of Corrosion Classification And Increasing
Acetic Acid Concentration

Acetic | Formic | Propionic gwler?ge Clust ilusterl ;ocation
UST Corrosion Acid Acid Acid elative uster nnual Average
Humidity Location Ambient
System ID Class ; K : o lati
(ppbv) in Tan Designation Re_ ative
(%) Humidity (%)**
14-LA-ST Minimal 15 ND ND 73 Louisiana 76
45VA-FG | Minimal 29 650 ND 82 Wa%h'ggton’ 64
31-CA-ST Minimal 80 490 ND 82 San Francisco 74
22-CO-FG Minimal 100 ND 3.5 36 Denver 52
42-PA-ST Minimal 150 76 45 69 Southeast PA 67
48-CO-FG Minimal 550 470 ND 58 Denver 52
29-CA-FG Minimal 1500 86 ND 62 San Francisco 74
8-IN-FG Moderate ND 210 ND 65 Ft. Wayne 79*+*
17-TN-FG Moderate ND 120 ND 71 Knoxville 76***
18TN-ST Moderate ND 71 ND 70 Knoxville 76***
Chicago/
46-IL-ST Moderate ND 2100 ND 55 Northern 70
Indiana
49-NY-ST Moderate 14 840 ND 77 Long Island 63
10-MO-FG | Moderate 28 76 ND 88 Kansas City 68
40-PA-ST Moderate 31 100 1.1 57 Southeast PA 67
37-NY-ST Moderate 39 160 0.96 71 Long Island 63
27-CA-ST Moderate 87 74 2.1 57 San Francisco 74
12-MO-FG Moderate 88 85 3.1 59 Kansas City 68
Chicago/
1-IL-FG Moderate 200 320 ND 41 Northern 70
Indiana
23-CO-FG Moderate 230 64 ND 52 Denver 52
34-NY-ST Moderate 230 250 1 98 Long Island 63
Chicago/
5-IL-FG Moderate 340 570 ND 33 Northern 70
Indiana
44VA-FG | Moderate | 630 ND ND 83 WaSDh'ggtO”’ 64
39-NJ-ST Moderate 1200 83 ND 76 Southeast PA 67
Chicago/
2-IL-FG Moderate 2700 140 ND 83 Northern 70
Indiana
Chicago/
3-IL-ST Severe ND 960 ND 59 Northern 70
Indiana
Chicago/
6-IN-ST Severe ND 1500 ND 80 Northern 70
Indiana
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Acetic | Formic | Propionic Avera}ge Cluster Location
UST Corrosion Acid Acid Acid Relative Cluster Annual Average

Svstem ID Class Humidity Location Ambient

y (ppbv) in Tank | Designation* Relative

(%) Humidity (%)**
Chicago/
9-IN-FG Severe 15 270 ND 74 Northern 70
Indiana

24-CO-ST Severe 21 300 ND 72 Denver 52
26-CO-FG Severe 28 ND ND 35 Denver 52
30-CA-FG Severe 62 96 1.4 61 San Francisco 74
33NY-FG Severe 81 330 8 83 Long Island 63

7-IN-ST Severe 150 1700 ND 86 Ft. Wayne 79*x**
15LA-FG Severe 220 70 ND 95 Louisiana 76
36-NY-ST Severe 230 620 1.2 77 Long Island 63
32-NY-FG Severe 400 150 55 68 Long Island 63
11-KS-FG Severe 990 300 ND 79 Kansas City 68
A3MD-ST | Severe | 1000 | 140 3.8 66 WaSDh'ggtO”* 64

16 TN-FG Severe 1100 65 ND 67 Knoxville 76***
28-CA-ST Severe 1900 69 ND 56 San Francisco 74
47-LA-FG Severe 2500 ND ND 61 Louisiana 76
35-NY-FG Severe 2600 110 ND 72 San Francisco 74
13-LA-FG Severe 6200 ND ND 84 Louisiana 76

ND = not detected at approximate MRL of 0.5 ppbv

* Weather data for clustéocation based on the following cities (Cluster namity used for weather data):
Louisiana- New Orleans, LA; Washington, D.€Washington, D.C.; San Francise8an Francisco, CA; Denver
Denver, CO; Southeast RAhiladelphia, PA; Ft. WayneFt. Wayne, IN; Knoxville- Knoxville, TN;
Chicago/Northern IndianaChicago, IL; Long Island New York, NY; Kansas City Kansas City, MO

**Data obtained froninttp://www.currentresults.com/Weather/US/humieiify-annual.phpinless otherwise noted.
*** Data obtained fromhttp://www.usa.com/

C. Aqueous Phasdnalytical TestingAnd Results

EPA sampld aqueous phasger the QAPP at 11 of the 42 USTs inspectgédmples
were analyzed by the methods presented in Tablela subset of resulis presented in Table
5. The aqueous phase analyses focused on identification of acids that were hypothesized in
previous researcio result from MICand other water quality factors that may influence
corrosion developmeniThesemethoddncludedanalysisfor low molecular weght acids,
glycerin, cations and anionst, conductivity, anchorhalogenated organice particular
ethanol and methanol.

Acetic, formig and propionic acids were identified in the majority of water samples
analyzed. Acetic acid was measured in dlsdmples, ranging from 7 ppm to about 27,000
ppm. Formic acid was found in 10 of the 11 samples, ranging from 1.3 to 269 pptit. and
propionic acids, both less likely to be measured in vapor due tdheerrervapor pressures,
were detectable in ast of the water samples. Lactic acid was found in nine samples at
concentrations up to 1,900 ppand propionic acid was measured in seven samples up to 480
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ppm. The water samples were also analyzed for ethanol and methanol cafitehthe
sampleshad measurable ethanol concentratitias rangedrom 210 to 71,000 ppm. Methanol
was measured ieightof the 11 samples from 33 to 3,200 pp@lycerol was measured in five
of the samples as high as 18,322 ppm. pH measurements were acidic, ramgidg ftw 6.2.

Unfortunatelywe did not havanformationavailable about the tilt of the tank or location
of the lowest point in the tankAs a result, wenay not have been sampling at the lowest point
where water would collectThis is of note because UST managentest practicesuggest
waterlevelsshould always be maintained as low as possible, so avadtitained tank may not
have water in one end of the tank because of thelxdspite noknowing where the water was
located in the tanksye were still successful at gathering the required volume of water for
sample collection from 11 of the USTs.

D. Fuel Analytical TestingAnd Results

EPA analyzeddel samplesaording to the methods presented in Tahl€able 6
summaizes same fuel variables of notdor our researchThe fuel analyses focused on
characterizing diesel fuel properties that mayffected by the presence of corrosimn
contribute to or signal the presence of corrosibnaddition,we useda broad screening for
identification of unknown chemicals

Thedensty, flashpoirt, and sulfur concentrationswere all within theexpededranges
for al fud sampeks. All conduetivity results were above the minimum level of 25 picosiemens
per meter §S/m).2” A qualitative full-scan anaysis did not identifyshortchain fatty acids or
methanol. Water content ofthefuel was abovethe kenchmark of 200 milligrams per kilogram
(mg/kg) in 10 perceniof the smples®

Biodiesel was identified in 70percenti or 29 out of4271 of the samples, with one
sample (5-IL-FG) appreciably higher than the 5 percentallowable limit according to the ASTM
D975standrd, measuringt 11 percentiodiesel Free glycerin was measured in five samples
and all five results were at levels equal to or greater thamalxenumamount of 0.00percent
whenusing 5percentof the B100 D6751 standaod 0.02percent Even though 7@ercentof
fuel contained biodiesel, less thiaalfi or 20 out 0f427 hada measurable total glyceri®nly
two of those were over the maximum limit of 0.Qd&centwhen compared to percentof the
D6751 standard at 0.rcent Similarly without a standardhe TAN allowablefor the B100
is 0.50 mg KOH/g, meaningn expected level idieselsamples shouldeno more than @25
mg KOH/g; however, 16 samples exceeded this vallese comparisons to D67pfovide a
bench mark for what could be expected whenragsythat any glycerin or acid measured was
due to the biodiesel blending<nowing there are acids in the vapor and aqueous phases, these
glycerin and TAN levels may be elevated from another source, like microbial byprottucts
addition, there were theeinstances where the free glycerin result was higher than the total
glycerin result. These results may have baffacted by water that was entrained in the fuel
during samplindbut separated into an aqueous phasatainng some glycerin beforanalysis
The results could have also beiected by systemic variation of the analysis method, since
the results were close to each other.
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Ninety percentor 37 out of 41 of the National Assocation of Corosion Emineers
(NACE) International corrosgvity tess of the fuelreported O percentcorrosion observed on the
testing materialsurface, which equals an Arating.?® One NACE result was not available from
the 42 USTs because the sample was lost in transpoetNACE test results for tratherfour
availablesamplegeceivedtheworstratingof E, meaninggreater thar’5 percentorrosion
coverage on the testing material surfgdeaving no ratings in between the A and E results is an
interesting result Possibly confoundinghe NACE result was thaineof thefour fuel
samplegeceiving an Hating was collected from an UST categorized as having minimal
corrosion Thisis very possible because tiMACE test isperformed on a sample in a lab as
a measure of the corrosivionly of the fuelthat wasgathered at the time of samplirend
is nota measuremertf all conditions inside of an USthat could lead to corrosiaof
internalmetal componentsEven if this ingance of highly corrosive fuel coming from a
minimally corroded UST is accuratéhe uniformity of theNACE fuel corrosivitytestresultson
both extremes appears suspsaggesting it may not have been performed corretttywever,
this doesnot affectour researchesultsbecause thkey findings relate to general trends of
corrosion observations and the search for predictive factors, none ofwdrefoundwith any
statistical significance.

Contaminantsldentified In Fuel Samples

The most notable observation from the fuel as@dyis contamination in the form of
particulates, ethanol, aqubssiblygasoline which isidentified aggascontaminationC4-C8in
Table 6 in the report and Table3Bin Supplement BWe observedantamination from ethanol
at high occurrencesThe resuls ofthe qualitative gas chromatograpimass spectrometry (GC
MS) full scan for unknowichemicalof interestfoundethanol was present in @@rcenti or 38
out of4271 of the samplesThe testlsoidentified C4C8 carbon chains in all of the fuel
samples.We performed this testith the intention of identifyinginygasoline contamination,
but now understand th&-8 carbon chains could possibly be present from allowable sources in
the fuel, such aliodiesel, and not only gasoline. We cannot therefore definitively say if
gasoline was the source of the-C8 findingsin 100percentof the samplesFuel garticulate
results are generally accepted by the industry undaerilliQrams per liter (mg/L)however, 40
percenti or 17out of427 of the samples were above this threshold, with five of the results well
over 100mg/L.3% 31
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Table 5. Aqueous Phasdresults In Order Of Corrosion Classification And Increasing Acetic AcidConcentration

UST system| Corrosion pH Conductivity | Ethanol | Methanol | Acetic Acid | Formic Acid Propionic | Lactic Acid | Glycerin
ID Class (LS/cm) (ppm) (ppm) (Ppm) (Ppm) Acid (ppm) (Ppm) (Ppm)
45VA-FG Minimal | 3.37 4,450 320 33 5,421 19.1 <0.26 80.0 2,183
48-CO-FG Minimal | 4.55 6,470 4,800 3,200 25,157 196 <0.26 1,915 2,590
37-NY-ST | Moderate | 4.14 3,700 210 140 6.98 <0.14 <0.14 0.70 <0.006
18TN-ST | Moderate | 6.24 5,280 71,000 ND 1,517 54.3 481 38.2 <0.50
2-IL-FG Moderate | 4.07 2,670 4,100 100 13,003 43.4 12.5 28.1 <0.10
44VA-FG | Moderate | 3.86 6,180 5,100 440 17,684 106 2.40 599 18,322
6-IN-ST Severe | 4.86 2,540 230 ND 3,745 269 32.1 <2.56 <0.25
13LA-FG Severe | 4.14 1,010 8,400 110 8,790 1.29 11.0 17.4 <0.025
7-IN-ST Severe | 5.04 7,530 4,100 ND 19,078 123 22.6 <2.53 <0.10
26-CO-FG Severe | 4.49 8,610 2,000 2,400 19,919 67.0 <0.26 1,464 2,399
35-NY-FG* Severe | 5.43 6,390 5,700 650 26,971 73.9 4.08 345 496

US/cmi microsiemens per centimeter
ND i not detected

*Not enough sample volume to collect filtered water sample.
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Table 6. Fuel Results h Order Of Corrosion Classification And Increasing Particulate Contamination

: : TAN Water | Aqueous | Biodiesel | Free Total Gas
Sygtg:] D Coglgzgm Pa(rrt];(;l;::a)tes (mg ('\FL@SE;) Content ghase Content | Glycerin | Glycerin PErt:sagr?cl:e Contamination
KOH/qg) (ppm) | Presence (%) (wt. %) (wt. %) (C4-C8)
Standard < 103233 0.025* AEE < 200% 52 0.00#8 | 0.012° Ex:;lgéte d Not Expected
42-PA-ST Minimal 3.2 0.03 A 48 2.7 <LOQ 0.002 X
29-CA-FG Minimal 3.6 0.03 A 62 3.5 <LOQ 0.003 X X
31-CA-ST Minimal 4.0 0.00 A 46 0.6 <LOQ <LOQ X X
14-LA-ST Minimal 4.8 0.01 A 63 0.0 <LOQ <LOQ X X
45VA-FG Minimal 5.2 0.01 A 76 X 0.1 <LOQ <LOQ X X
22-CO-FG Minimal 6.8 0.01 A 67 2.0 <LOQ 0.001 X X
48-CO-FG Minimal 103 0.28 E 322 X 2.0 0.068 0.109 X X
5IL-FG Moderate 3.6 0.02 A 83 11 <LOQ 0.004 X X
39-NJST Moderate 4.4 0.00 A 41 0.98 <LOQ <LOQ X X
23-CO-FG | Moderate 4.8 0.01 A 50 2.3 <LOQ 0.001 X X
1-IL-FG Moderate 5.2 0.01 A 76 4.9 <LOQ <LOQ X X
49-NY-ST | Moderate 5.2 0.04 A 73 5.1 <LOQ 0.002 X X
17-TN-FG | Moderate 5.6 0.01 A 16 0.0 <LOQ <LOQ X X
34-NY-ST | Moderate 5.6 0.03 A 74 5.1 <LOQ 0.006 X X
18TN-ST | Moderate 6.0 0.00 A 26 X 0.0 <LOQ <LOQ X X
12-MO-FG | Moderate 6.8 0.01 A 58 4.5 <LOQ 0.005 X X
27-CA-ST | Moderate 8.0 0.04 A 58 2.1 <LOQ 0.001 X X
8-IN-FG Moderate 9.6 0.02 A 40 0.0 <LOQ <LOQ X X
10-MO-FG | Moderate 13 0.01 A 172 4.4 0.028 0.021 X X
40-PA-ST | Moderate 13 0.02 A 218 2.4 <LOQ 0.002 X
2-IL-FG Moderate 17 0.01 A 78 0.0 <LOQ <LOQ X
44-VA-FG | Moderate 52 0.03 E 72 X 0.3 0.004 0.001 X
37-NY-ST | Moderate 63 0.01 A 154 X 1.2 <LOQ <LOQ X
46-1L-ST Moderate 85 0.00 A 32 0.7 <LOQ <LOQ X X
36-NY-ST Severe 2.0 0.01 A 41 0.1 <LOQ <LOQ X X
15LA-FG Severe 5.6 0.01 A 66 0.0 <LOQ <LOQ X
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Table 6. FuelResultsIin Order Of Corrosion Classification And Increasing Particulate Contamination (Continued)

UST Corrosion | Particulates TAN NACE* sl ) ALl Doz Free. Total_ Ethanol Ga§ .
System ID Class (mg/L) (mg (Rating) Content phase | Content | Glycerin | Glycerin Presence Contamination
KOH/Qg) (ppm) | Presence (%) (wt. %) | (wt. %) (C4-C8)
Standard < 10042 0.0252 A < 200* 545 0.001% | 0.0127 N Not Expected
Expected
43-MD-ST Severe 5.6 0.00 NA 41 0.0 <LOQ <LOQ X X
13LA-FG Severe 6.4 0.02 A 81 X 0.0 <LOQ <LOQ X X
47-LA-FG Severe 8.4 0.03 A 58 1.7 <LOQ 0.003 X X
33-NY-FG Severe 9.2 0.04 A 84 5.3 <LOQ 0.003 X X
7-IN-ST Severe 9.6 0.01 A 68 X 0.0 <LOQ <LOQ X X
16-TN-FG Severe 10 0.02 A 50 0.0 <LOQ <LOQ X X
3-IL-ST Severe 11 0.03 A 38 0.0 <LOQ <LOQ X X
32-NY-FG Severe 11 0.04 A 96 5.2 <LOQ 0.003 X X
30-CA-FG Severe 12 0.02 A 94 3.3 <LOQ 0.002 X
6-IN-ST Severe 19 0.04 A 105 X 0.0 <LOQ <LOQ X X
35NY-FG Severe 41 0.36 A 186 X 3.4 <LOQ 0.003 X X
26-CO-FG Severe 78 0.03 A 134 X 0.9 <LOQ <LOQ X X
28-CA-ST Severe 112 0.03 E 107 0.8 <LOQ <LOQ X X
11-KS-FG Severe 158 0.06 A 127 4.3 0.001 0.006 X
9-IN-FG Severe 286 0.04 A 202 0.0 <LOQ <LOQ X X
24-CO-ST Severe 294 0.02 E 264 2.1 0.008 0.006 X X

*The NACE rating corresponds to the percent of the test surface corroded in the laboratory (A = 0%, B++ = leskigan-Dléss than%, B
= 5-25%, C = 251 50%, D = 5675%, E = 75i 100%)

mg/L T milligrams per liter

NA T not available; sampldest in transport.

Blank spacé not present

LOQ1 limit of quantitation
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Since ethanol is routinely blended atdércentin gasolinejdentifyingin diesel tanks
high occurrences of contamination of both ethanolpssiblegasoline, represented by €8
carbon chainssuggestshese contaminantouldbe present because the diesel was delivered in
trucks that previously shipped gasoline. Shipping multiple fuels in the same truck is referred to
as transport switch loadindzthanolgenerallyis not transported in pipelines and is almost
exclusively transportely trainsor transport trucks$o the blending terminals and blended with
gasoline in trucks for distributionThe contamination attributed to switch loading ocauingn
gasoline is notompletely removebfletween loaddue to incomplete emptying or residual
gasoline on the tanker walls due to surface tens®witch loadingnaybe the main source of
the ethanol contamination measured in the samples; however, the pretethanol could also
be attributed to or partially attributed to other unknown sources, such as shared venting from
neighboring tanks, proprietary additives, or other unidentified sources.

EPA comparedhe fuel samplaesults to a variety of specifiionsandguidelines
including ASTM D975 ASTM D6751,NACE corrosion ratings, an@RC fuel selection
guidelines®® 425051 ASTM D975 and ASTM 6751 standard specifications were developed to
help ensure these fuadsefit for use at the point of productiobutthese specifications do not
guarantee that contamination will not occur downstream of the production facility during
transport or storagelheseguidelinesandspecificationscamot individually guarantee thahe
fuel dispensed is fit for usehen it leaves the USTBy comparing each of the fuel samples
collected to all of these fuel criteyiePAtried to determin@betteroverall picture of the quality
of the fuel mixturedpeing storedn thesample populatin USTs Whenwe assessetthie fuel
samples by looking at all the criteria togethbke, tesults were mixe®0 percentor more of the
fuel samples met the ASTM D975 criteria examined, while 68lgercentmetthe proportional
TAN limit if using 5percentof the maximum limit per D676 Only62 percenfpasgdthe CRC
protocol for particulate Fuel quality isusuallyverified against standards at various points in the
production and distribution chain; however, by the time fuel reachdém#éST desination
fuel qualitymaybedegradesr may becomedegraded by poor conditionsthe UST Our
researchresults indicat¢hat the fuel quality, including water or contaminants presettte
UST, is moderate at best in the sample population.

Overall, tre dieselfuel stored in the USTs in our reseasagpeas to meet the
requirements for D975Fuel filters are designed to remove most ofghgiculatecontaminants
found in fuel However,water collecting at the bottom of the taakd the condition ohie tank
and equipmentould also influence the quality of fuel storefldditionally, watermay not be
caught in the filter Excessive water innUST system could beumped umand dispensed with
the fuel. Waterstopping filters are available to owners of USigt cost more than filters that
do not stop waterThepresence of contaminants and adidall aqueous phasamples
indicates that th&uel and water mixturstoredin USTsmaynot meet all stagiard specifications
required forfuel further upstream.

If a fueling mixture including water, contaminants, or acids is dispensed into vehicles, it
could cause performance problems for end users of theThedassumptions supported by
reports ofseverelycorroded vehicle fuel system parsutomakershave found formic and acetic
acids in fuel obtained from tldispenserst filling stations, in residual fuel frouehiclefuel
tanks, and absorbed bghicle®organic tanknner coating?
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Chapter 4
Statistical Analysis Procedure And Results

EPAO6s rwaspeanaarilceiploratory in nature and soutghtleterminghe most
likely connectiondetween predictorariablesand UST corrosioseverity as well asf those
connections would bstrong enough tbe predictiveor showcausation Overall, none of the
variableds considered statistically significant to prediath certaintywhensevere corrosion
will be present However, variables thaterethe closest to being significant predictavere
particulates in the fuelndentrained water content in the fuelhich isdifferentfrom aqueous
phase presenam the bottom of the USTThese do nohecessariluggest causatiphbut may
be areas for further investigation.

SupplemenD presentsdll descriptions of all variables collected, the assessed corrosion
coveragecategory which isconsidered as the main outcome of inter@stl all others as
potential explanatory variable€ontinuousscale variablesuch as acid concentrations
descriptive statistics such as the mean, standard deviation, minimum, maximum arfyj the 10
250 75" and 90" percentiles, as well as countsmissing and nomissing measurementsre
alsoprovidedin SupplemenD.

Forvariableclassification and prediction accuracy, the machéaening technique
known as random forest classification is considered one of the best available rrehsbasvn
recently by FernandeRelgado et at® It alsois particularly well suited to situations with more
variableghandata points With a random forestlassificationfor corrosion category, two
associated measuwref variable importancevere calculatedor prediction for all variables: the
mean decrease in accuracy and the mean decrease in Ginwhigxisa measure of
homogeneity with respect to corrosion categdeach of the 10,000 trees generatedHer
forest is fit on a bootstrap sample of appnoately twothirds of theUST systems The
predictive accuracy is then estimated by using the tree to cl#ssifprrosion category for the
UST systemsot used irthe current fit referred to asut-of-bag(OOB) estimatesand
comparinghemwith theirtrue corrosion category. The mean decrease in accuracy measure is
computed by randomisearranginghe values of th©OB UST systems&nd comparing the
numberof UST systemsorrectly classified with the trusorrosion category Thus those
variables wih a higher mean decrease in accuracy over all the trees are more important for
prediction. Alternativelythe mean decrease in Gini index gives an estiofdiew
homogeneouthe partitions of the dataecome when using that variable to mdkeision rule
that defne the tee structure While this does not provide an
of effect, both measures quantify how important a particular variable is for classification and
prediction accuracyWe provide theasults of these ahees for corrosion classified as
minimal, moderateor severe, as well &®mbinedcategores ofonly minimal versusmoderate
plussevere.

In another supportingnalysis, univariate analysage presentedy examining how well
corrosionis predicted by each variable on its owDorrosionis assessed by a threategory
ordered scalesothe natural, parametric model to us@roportional odds logistic regression.
Due to the limited number of tanks sampled in comparison to the numéeplahatory
variables that can be used for analysis, the quantitastgtsof statisticalsignificance presented
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asp-values serve asgeneralguide to the most likelindicatorsof corrosionexaminedn our
research.These analyses provide intuitifor expected marginal effects. Similgnye provide
the ordered ywalues from the logistic regressions with corrositassificationfurthercombined
to minimalversusmoderatelussevere.

Theresultsof the two measures of variable importartbe mean decrease in accuracy
and the mean decrease in Gini ingae presented in Figusd0 and 1l. Variables with scores
farther right on the horizontal exare more important for predictive accuracy in terms of the
given criteria. Overalwhen evaluating all three corrosion categoriles,model does
reasonably well at prediction with an OOB estimate of the error rate of per&88nt The sulfur
and particulate measures from the fuel are deemed more important across the two importance
measures. Variable names include a description and a letter at the Bmeke letters refer to the
variable type, identifying explanatory variables weiilh a letterand continuouscale variables by
sample type of fugff) or vapor(v).

When evaluating mimal corrosion against moderate and severe together, the OOB
estimate of error rate associated with Figlikés 19.05percent For the dichotomous corrosion
outcome, particulate measurement from the fuel is the one covariate singled out across both
importance scores. The random forest does better at the OOB error rate, but does so by
classifying all but one UST system as corroded. But, because the random forest model for the
combinedcorrosionclassificationdoes not have good discriminatory abilityitsown, its value
is to again find that the particulate measurement from the fuel is the one most associated with a
corrosionclassification The marginal gvalue ranking from the ordered logistic regression is
presented in Table 7, with smallevpluesproviding ahigherranking of variable significance in
predicting corrosion category. In the proportional odds logistic model, the conditional odds of
going from the lower to higher corrosion category on the thadegory scale are the same from
minimal to moderateor severeand fromminimal or moderatgo severe A positive log odds
estimate means that a higher value for the relevant variable is associated with increased odds of
having a more severe corrosion classification.

Statistical AnalysiResults

Overall, due to the complexity of the processes at play, none of the findings is
statistically significant to identify a definitive predictor of factors leading to the corro¥in.
did not finda statistical significance with respect to tank agjee, material, geographic location,
or owner. Many variables are interrelated and represent various portions of an ongoing process.
No statisticalsignificance was found in having or not having an aqueous phasathough as
discussed earliewe acknavledge thatve expectedvater to be present in a larger percentage of
the tanks than in thezercentwhere samples were collectede do not know ifa larger sample
size may have yielded a different result.

Noneof the variabless considered statisticallgignificart to predict with certainty when
severe corrosion will be presertiowever thesevariablesvere the closest to being significant
water content in the fuglvhich isdifferentfrom aqueous phaggesenceand fuel paitulates,
with the particulates measurement being one of the signdicantvariables. A high
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measuremerdn the random foreshalysescombinedwith a positive logodds coefficient is
associated with higher odds of having a more severe corrosionrasaess

While tank capacity isiot ranked highly in termaf variable importance scoré®m the
random forest modelnalyseswhen entered as a categorical covariate with eight levels
representing different sizes of tankasnk capacity is close ggnificant at0.059 which isjust
outsidethe 0.05significancelevel. However the pvalues for each individual level are all
greater than 0.16 with large standard errors duleetemall cell sizes in eacl\s a continuous
covariate, it is also natignificant with a pvalue of 0.445 from the ordered logistic regression
model.

We completedhe same analigal approach \Wwenthe data set included a throughput
variable but wasestricted to the 2680ST systemsvith throughputdata available The OOB
estimate of error rate is 57.p8rcent This does a reasonably better job than chance at
predictive accuracy and again finds particulates and water content near the top of the variable
importancescores, with acetic acid measurements from vapor therttasd important by both
criteria. The results of the variable importance results and the univariate, ordered logistic
regression are presented3opplemenD.
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Figure 10. Random Forest Analysis And OOB Accuracy Assessment Results Of Each
Variable Evaluated Individually According To Three Corrosion Categories
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Figure 11. Random Forest Analysis And OOB Accuracy Assessment Results Of Each
Variable Evaluated Individually According To Minimal And Moderate + Severe
Categories
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Table 7. RValue Rankings From The Ordered Logistic Regression For The
Variables For All 42 USTs

: Log Odds
Variable P-Value Esq[imate

tankcapacity 0.059 NA
particulates_f 0.103 0.0125
free_glycerin_f 0.132 -0.0051
acetic_acid_v 0.133 0.0006
hexanoic_acid v 0.134 -2.436
total _glycerin_f 0.242 -0.0045
owner 0.279 NA
biodiesel byproducts_f 0.328 -0.5739
methylpropanoic_acid_v 0.353 -0.2700
stp_type 0.464 NA
water_content_f 0.516 0.0033
biodiesel_content_f 0.532 -0.0727
ethanol_f 0.562 -0.5635
formic_acid_v 0.564 0.0004
sulfur_f 0.571 -0.0759
butanoic_acid v 0.643 0.1226
propionic_acid_v 0.653 0.0808
octanoic_acid_v 0.670 -0.8899
TAN f 0.676 2.234
isopropyl_alcohol_f 0.728 -0.2033
geo_cluster 0.751 NA
conductivity_f 0.760 0.0004
density f 0.792 -8.672
tank_material 0.882 NA
FAME_f 0.889 -0.0819
NACE_f 0.919 NA
flashpoint_f 0.990 -0.0008
pentanoic_acid_v 0.991 -16.42

NA - Not Applicable

Total Acidic Hydrogen Analysis

In an alternatstatistical analiycal approachwe usedhe total acidic hydrogen in
micromoles per literwhichis designated as AcidH_mml in the analysis an outcome measure
with corrosion category as the predictor infOVA. Since this quantity is a concentration, it
was first logtransformed to bettesatisfy the normality and constant variance assumptions of
the ANOVA model. Indeedafter examining the normal probability, quantile plots, residuals,

and Bartlettédés test for equal vari aneres from
notsdisfied. The probability and quantile plots showed deviations from normality near the
center and tail of the distributpand t he r esi dual pl ots and Bart|

evidence of a lackf@onstant variance acrossroosioncategories These discrepancies were
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all alleviated after transforming to the log scale. The ANQ¥sgults in Bble8 give an overall
F-test pvalue of 0.13and the resulting contrasts and confidence intervals are also presented,
along with the natural scale ratio ;g@metric means and associate8Ecentconfidence
intervals.

Thevariable importance plots in Figut@ show that when included with the other
variables considered, total acidic hydrogen ranks near the top in terms of value for classification.
Howeve, we did notperform a test to identifwhich, if any, of the acids is most significanit
the total acidic hydrogen.

Table 8. Statistical Results Acidic Hydrogen Using ANOVA

Source SS df MS F Probability >F

Between groups 6.753 2 3.377 2.14 0.1314

Within groups 61.57 39 1.579

Total 68.33 41 1.666

Log Scale ContrastAnd Confidence Interval (CI) Netzel Sesle (é(;rt}'gastAnd Sl

Corrosion Class Contrast Esr:gr Scheffe 95% G ngttri?t Scheffe 95% G
Moderate vsminimal | 0.1968 | 0.5643 | -1.239 | 1.633 1.218 0.2896 5.118

Severe vaninimal 0.9381 | 0.5597 | -0.4862 | 2.362 2.555 0.6150 10.62
Severe vanoderate 0.7413 | 0.4249| -0.3402| 1.823 2.099 0.7117 6.188
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Figure 12. Random Forest Analysis Results Of Each Variable Evaluated Individually
According To Three Corrosion Categories And Including The Acidic Hydrogen Variable
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Chapter 5
DiscussionOf Results

Corrosion Process

Metal corrosion is almost alwaysaused byn electrochemical reaction
electrochemical reaction is defined as a chemical reaction involving the transfer of electrons
During that transfer thereis a simultaneous oxidation reactjoamhich isalso called an anodic
reaction and reduction reactignvhich isalso called a cathodic reactioklectrons are produced
in an anodic reaction arale consumeh a cathodic reactionThe number of electrons
produced and consumed in any reactmust always be equal to maintain charge balance.

Corrosionis categorized as MIC whenetals deterioratdue to the metabolic activities
of microorganism&nhancingpr accelerang the corrosion reaction. In the MIC process, any
bacteria present dwot directly participate in the electrochemical readidrence the term
microbiologically influenced corrosionin our research and the underlying assumptions, the role
of MIC was assumed based on prevailing theories and previous reseaectesilts obur
researcltould not rule out MIC under the previously suggested hypotheses as a factor in the
corrosion. Howeveiin our research weid not performa microbiological analysis that could
prove bacterial contributions to corrosion

In order to understand why corrosion is occurring in a specific environment, sanh as
UST system storing diesel fyae need tainderstand the relationships of the factors involved in
the corrosion processef@ne factor needed for corrosion in liquids aagar phases is the
presence of an electrolytehichis defined as aubstance in soluticthatconductsons It is the
transfer of ions that participates in agueous corrosion reacfidreshigher the concentration of
ions, the higher the conductiviof the solution, which can determine the limits of the corrosion
rate. Specifically, corrosiemducing factors for UST equipment include the following:

a surfacdhat is susceptible to corrosiosuch a&JST equipment,

an electrolytdrom chemical or imlogical processes
adistributionmechanism for the electrolyte to be transferred tetitace and
the pH of the aqueous component of the electrolyte

.

Susceptible Surface

Equipmentpartsused in the UST are made from a variety of materials such as polymers
and other metals. One of the key observations insedr researclwvas the relative corrosion
seen on the STP shaft within the UST. There are a couple of different vendors for thpse pu
but they use several common metals and polymers in their materials of construction, including
cast aluminum, wrought aluminum, brass, steel, grey cast iron, black steel pipe, and stainless
steel such as Type 304. The polymers include BUinditon, and polyoxymethylene (POM).

Each of the metalsomprisingUST system tanks and equipméas its own distinct
electrochemistry and corrosion susceptibjlidtgpending on the specifics of the environment.

48



Additionally, some components may receive niaadtings for corrosion resistance, while
others may be coated with various epoxy, enamels, varnish rust inhibitors, or lacquer topcoats.

Electrolyte

Theingredients foran aggressve electrolyte from either achemicd or biological
processexist within theUST systemsnspededfor our research Specifically,available water,
oxygen, and acids can ceate an environment that we exped would have the potential tattadk
most of themetals used in USTSNater can be pesent in the \apor or condensed as aliquid
along with other fuel or contaminant componesghe innerwalls of the USTentrained in
the dieselpr collectedat thebottom of USTS. Minimizing water presence is and has always
been an impoant part of UST maintenance However,diesel blended with biodiesehn hold
in solutionmore water than diesel without a biodiesel compondiiismeans more water is
likely arriving in USTsentrained in fuetoday since biodiesé morecommon in diesethan
prior to 2007.

Oxygen isreadily available from theatmosplere sincediesel tanksare vented to the
amosphere. When fudl is delivered, the entire contents of the ank, both Iquid and apor, are
disturbed and the contents of the vapor spae pushethto theenvironment When fuel is
dispensd, freshair is puled intothe ank. In an UST, intake of ambient air can result in the
vapor space above the product level being very humitl condensation often occurring.

The previous research efforts discussed earlier in this repggest thatoisture and
oxygen richenvironmentl charaderistics of an UST systentansupporithe growth of
microorganisms In this processmicroorganisms caimfluence corrosionin USTs by
producing acids; several industry sources recommdindting water and performing other
actions tgprevent ofimit active microbial growtlin order tominimize corrosion in USTs
storing diesel Whethempresentue toa biological or chemical procesi@ds werepresenin
the vapor spaces afl of the 42USTs systems inspecte@herefore, althree of the
ingredients for an aggressive electrolyte were present in all of the 42 UST systems inspected
Other processes that cause corrosion could also be more impackuthese environmental
conditions.

Distribution Of The Electrolyte

The distribution of the electrolyte and the mode of contact between a metal and its
environment have direct bearing on corrosion developntemtexample,hree distinct regions
within the USTs are represented along th® Shaft always inliquid, always in the vapor, and
the intermediate region that is sometimes in the liquid and sometimes in the vapoiéptate
canbe constantly exposed to water as a bulk liquid electrolyés thin electrolyte layers with
wetting and drying cycles the vapor spacgelependingon where they are located in the tank
The vapor space at the top of the tank theoretically does not see liquid fuel but exists at relatively
high humidity and with condensation. The tank bottom is catigtaubmerged anchay
contain water that drops out of thieselor water that enters the tank from ambient air intake
and condenses on the walls of the U%inally, an intermediate region, which depends on the
product level in the UST, can be eithebswerged or in the vapor space.
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Eadh region experiencesa different set ofcondiions that directly influence thetype and
extent ofcorrosiondevelopment In the vapor gace, corrosioncould accur under thin
electrolyte layers from a high relative humidity or from te condensate, readily available axygen,
and presence of acids inthevapor sgace. Whenthe fuel level drops as fuel ésspensegdan
intermediateregion that was previously submerged in feffectively becomesexposd to
conditions thasimulate the spor spacgandto residueand contamirants in the fuethat may be
left behind). In theseregionsthatexperience wetting and dying cycles, the variation in
thickness of the electrolyte results in a change in the corrosiorf rditeen we includedn the
analysisfuel throughput data available from 26 of the UST systenmsdatisticd significance
wasindicaedfor fuel throughputhowever, the distribution dhelow molecular weight acids
and the mode ofcontact are mechanically dependent on how dtenthe UST environment is
disturbedby changes in fuel level througl@ivery or dispensingf fuel. Thesalisturbances also
allow for additional weter, oxygen, and carbon sources enter the UST inhenew fuel or
ambient ar that is drawn in when fuel is dispensékhis continual resupply of ingredients
necessary to some microbial lifeuld enhance the rate of MIC or other corrosion mechanisms
While metals in those areas most often exposdice vapr space of USTappeared todomost
susceptible to heavy corrosianecdotes suggeasll of the metal equipment in all three regions
of USTs are susceptible to corrosion when the right conditions are pr&eatmcorrosion of
any metal component in USTs couldtentialy lead to dailure of functionality of the
equipment and aimcreased risk of release of fuel to the environment.

pH Of The Electrolyte

The pH ofeither the bulk liquid electrolyte or the thefectrolytelayersin the vapor
spacewill also impact thedegree of corrosionrovarious exposed UST equipmaitibys. For
example for carbon steeduch aghe tank the corrosion rate is relagély low in aqueous
solution around a couple @housandths of aimch per year, when the pH is between 3 and 9
however below 3 it dramatically increaseand above $he corrosion ratdecreasesSeeFigure
13.%° In the case of aluminusuch aghe drop tubghowever, the corrosion rate aqueous
solutionwill increase below 4 and abovebgas illustrated by t Pourbaix diagrarof
electrochemical potentighH equlibrium for corrosion susceptibilitgf aluminum seeFigure
14.56

The water pH may have contributed to corrosion reactions. In all tanks wlere
detectedneasurable water, the pH values were bet@eémnd 6.2, which are favorable values
for the growth of some acigenerating microorganisniit not always indicative of corrosi@s
sea in Figures 13 and 14The bacteria identified and hypothesizedtesleading specian
MIC in CDFAG6 s 2 0 1, Rcetgbactegxhibit optimal growth under moderately acidic pH
5.2 to 6.5 conditions and are capable of growth at pH’4The water in four of the five
severely corroded tanks ourresearchhad pH at or above 4.5; the fifth had a pH of 4.1. In
contrast, water from five of the six minimally or moderately corroded tanks had pH at or below
4.5. ThepH is an important indicator of the corrosivity of the electrolyte adjacent to a metal
surface butthe presence of other contaminants that can allovesion to proceed at pH values
normally not associated with susceptibilibycorrosionis important.
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Theactual corrosion rate on a metal will also dependtber factors, mainly the
presence or absence of oxygerd contaminants such as chloride#jdes, other chemicalsnd
particulateswhich may be found in UST environmentBhese factorsan disrupprotective
films on the metasurface, thereby allowing corrosion reactions to proeg¢@stermediate pH
values.

Relative corrosion rate

Figure 13. Relative Corrosion Rate Versus pHAnd Temperature Of Carbon
Steel In Water®8
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Figure 14. Potential Versus pH Equilibrium Diagram For Aluminum (vertical axis,
standard hydrogen electrode (SHE); horizontal axis, pHy
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I. Feasibility Of Previous Hypothese®bout Biofuels And MIC

Although no microbial adyseswereperformedn our researcfthe inspectionand
chemica examinations conducteds part of a search for predictive factorsadgte feasibility
of previouslysuggested hypothesakout MIC and biofuelsWe evaluated loservations and
datafrom the UST sample populatidaidentify if a suitable environment was available for
microbial growth andif potential evidence ahicrobial metabolismpathways suggested by
previous researctould beidentified or could be correlated with corrosion preserides
resultscannotprove ordisprove those theories of MIC in which microorganismislize biofuel
components found in diesel fuel.

For MIC to occur, the presence of water is required for microbial grothaqueous
phase with sufficient water present to allow sampling for chemical analysis was collected from
11 tanks.We rated iive out of 11 tanks from which water was collected as seveogtoded
However, the statistical analysis did not determine that the presence of free water in the USTs
corresponds with any particular corrosion ratie observedidsolvedwater in fuel over the
allowable standard specification limit in p@rcen of samplesalthough the water would likely
need to separate from the fuel into an aqueous phase for most microorganisms to use it.

MIC typically occurs in two environmentsaerobic and anaerobic. In aerobic
environmentsthe corrosion reactions agéectrochemical with multiple reactiotisat are
mediated by many organisms. Localized ion concentration cells may form with aerobic biofilms,
as well as concentrations of agdbducing bacteria. In aerol@ovironmentsthe biotic and
abiotic corrosio processes enhance one another and are difficult to distirf§uisiother
process in aerobenvironmentss tubercle formation, in which cathodic oxygen reduction
occurs at the tubercle base and anodic iron dissolution occurs underneath the tubexsle. O
initiated, tubercle formation results in sustained reducing conditions within the tubercle despite
the overall aerobic environmefit.

In anaerobi@nvironmentsMIC tends to be dominated by sulfatslucing bacteria.
Differential aeration cells forry oxygen depletion under microbial surface A% In
adjacent aerobic environments, sulfur oxidizers suckhaxbacilli can convert hydrogen sulfide
if present to corrosive sulfuric acid.

An indication of MIC suggested by previous researchtwagpresence the agueous
phase®f alcoholsor certainacids which would beconsistent wittbacterialoxidization of those
alcohols In our research, wiundsuch acidsn many tanks All the aqueous phasamples
hadanacidic pH andall containedethano] as well as volatile low molecular weight organic
acids. Previous research suggested these acids are likely contributing to a corrosive environment
in the USTS® For example, in UST system-I8N-ST, ethanol was present in the water phase at
a corcentration of percent Ethanolis likely presenfrom gasoline ethandblend
contaminatiorentering with the diesel fuel deliveoy from diesel and gasoline USTs
improperly manifolded togetheAcetic acid can be generated directly from ethanol btiace
acid bacteria such @setobactef® Acetobactewas thegenusidentified as most prevalent in
the microbiological analyses @ D F AZDX2study In addition to ethanolye identified
glycerin in many of the tankgllycerincan be fermented into propionic acid, glyceric acid, and
other organic acids by aejgtoducing bacteri&’ %8 Similarly, acetic acid, lactic acid, and formic
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http://www.clean-diesel.org/pdf/ULSDStoringSystemCorrosion.pdf
http://www.clean-diesel.org/pdf/ULSDStoringSystemCorrosion.pdf
http://www.neiwpcc.org/tanksconference/presentations/posters/Prevention_CorrosioninUSTs_AdairandWilson.pdf
http://www.pei.org/forum/
http://digital.peijournal.org/peijournal/20102Q?pg=49%23pg49
https://www.astm.org/Standards/D975.htm
https://www.astm.org/Standards/D6751.htm
http://www.crcao.org/reports/recentstudies2016/CRC%20672/CRC%20672.pdf
http://www.crcao.org/reports/recentstudies2014/CRC%20667/CRC%20667.pdf
http://www.clean-diesel.org/pdf/guidanceforundergroundstoragetankmanagement_final.pdf
http://www.steeltank.com/Portals/0/Shop%20Fab/R111%20%20with%20updated%20cover.pdf
https://www.astm.org/Standards/D6469.htm
http://www.crcao.org/reports/recentstudies2014/DP-07-13/DP-07-13%20-%20ULSD%20Corrosion%20Study%20-%20Screening%20Criteria%20for%20Site%20Selection%20(1%20July%202014).pdf
http://www.crcao.org/reports/recentstudies2014/DP-07-13/DP-07-13%20-%20ULSD%20Corrosion%20Study%20-%20Screening%20Criteria%20for%20Site%20Selection%20(1%20July%202014).pdf
http://www.crcao.org/reports/recentstudies2014/DP-07-13/DP-07-13%20-%20ULSD%20Corrosion%20Study%20-%20Screening%20Criteria%20for%20Site%20Selection%20(1%20July%202014).pdf
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